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fringe shape, as is demonstrated for a modeled 30nm EuFeO3 film on a SrTiO3 substrate
and a 30nm LaAlO3 film on a SrTiO3 substrate. f) Measured XRR data for a EuFeO3
film on a SrTiO3 substrate. Here the film was found to be 14.7 nm thick with film
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3.21 EDS scans from a La2O3 film on MgO (a) and a SrTiO3 substrate. On the MgO, all the
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3.22 a) A schematic of a second harmonic generation optical measurement in transmission
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4.1 XRD studies of EuFeO3 thin films. The (001) diffraction peak of EuFeO3 on STO a)
and LSAT b), with a corresponding GenX fit shown in red. c) 2θ − θ scan from 15 to
60° showing the absence of any second phases. d) The substrate (top) and film (bottom)
omega scans about the (001) are shown. The FWHM of the substrate is 0.022°, while
for the film it is 0.046°. The RSMs about the (113) peak were measured from a EuFeO3
film on STO e) and on LSAT f); the in-plane lattice parameters of the films match that
of the substrates. Image reproduced from A. Choquette et al.175 . . . . . . . . . . . . . 71
4.2 Example thickness and composition measurements from EuFeO3 films on SrTiO3. a)
Measured x-ray reflectivity data with a simulated fit (red line) for a ∼70 u.c. (27.1 nm)
EuFeO3 film on SrTiO3. The top right inset shows the scattering length density depth
profile obtained from the XRR fit. The bottom left inset shows a typical RHEED pattern
from the end of film growth. b) Measured and simulated (red line) RBS spectra. The
composition from this fit was EuFe0.97O3. c) The XRR data from the EuFeO3 film shown
in Figure 4.1a. The thickness here was found to be 14.52 nm. d) Measured and simulated
(red line) RBS spectra from the same film as shown in Figure 4.1a. The composition was
found to be Eu0.97FeO3 and the thickness from the RBS fit was found to be 13.7 nm.
Panels a) and b) of this image are reproduced from the work of A. Choquette et al.175 . 72
4.3 300 kV HAADF-STEM images of the cross section of a 58 u.c. EuFeO3 film on SrTiO3.
(a) A low magnification image shows the interface between the STO and the EuFeO3.
(b) A tilt of 1-2° away from the STO [001] in the growth direction is observed between
the film and the substrate. Image reproduced from A. Choquette et al.175 . . . . . . . . 74
4.4 300 kV HAADF-STEM image of a rotational boundary in the EuFeO3 film, with a
correlated edge dislocation at the EuFeO3/STO interface. Lower inserts show the corre-
sponding FFT patterns for the STO and the EuFeO3 film on either side of the defect.
The small arrows denote the half order peaks from the alternating Eu displacements in
the EuFeO3 film. This reveals the presence of an a
−a−c+ pattern to the left of the
dislocation and an a+a−c− pattern to the right of the dislocation, where the c-axis is
the growth direction of the film. The Eu displacements observed in the STEM image,
highlighted with green circles, are consistent with these rotation patterns. A schematic
of the crystal structure is presented for reference with the Eu atoms in green, oxygen
in red, and the FeO6 octahedra denoted in blue with the in-phase rotation axis labeled.
Image reproduced from A. Choquette et al.175 . . . . . . . . . . . . . . . . . . . . . . . 75
4.5 a) Soft X-ray absorption spectrum of the Eu M4,5-edge measured from an EuFeO3 film
on STO at 300 K, along with the simulations of Eu2+ (blue) and Eu3+ (red). The dotted
lines are guides to the eye. b) Fe L2,3-edge spectra probing the unoccupied Fe 3d states
via the 2p-3d dipole transition for the EuFeO3 thin film. The dotted lines are guides to
the eye. Three different Fe L2,3-edge simulations resulting from different chosen values
of 10Dq (in electron volts), are shown for comparison. c) O K-edge pre-peak fit to two
Gaussians, with a splitting of 2 eV. The inset shows the full O K-edge spectra, with the
pre-peak region highlighted. Image adapted from the work of A. Choquette et al.175 . . 77
4.6 a) The optical absorption of EuFeO3 and LaFeO3, with A marking, B marking the
onset of absorption, and C the higher energy excitations in the material. b) Optical
absorption of EuFeO3 on two different substrates, STO (0.7% compressive strain) and
LSAT (<0.1% tensile strain), demonstrating the small effect of strain. Image reproduced
from A. Choquette et al.175 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
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4.7 Tauc analysis of the spectra of EuFeO3 assuming that it has direct forbidden transition,
we find that the band gap of the EuFeO3 film is 2.46 eV, which is blue-shifted by 0.15
eV compared to the LaFeO3 film with a band gap of 2.31 eV. Image reproduced from A.
Choquette et al.175 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.8 a) Ellipsometry spectra from four EuFeO3 film grown on GdScO3 (GSO), STO, LSAT
or LaAlO3 (LAO). b) Tauc analysis of the EuFeO3 films, assuming the films are direct
forbidden band gap type semiconductors giving band gaps of 2.43 eV (GSO), 2.39 eV
(STO), 2.42 eV (LSAT) and 2.30 eV (LAO). c) Top, the band gaps plotted as a function
of strain, bottom, values of absorption for 2.5 eV and 2.75 eV. d) The eight Lorentz
oscillator center energies plotted versus the film strain state. e) The center energies from
oscillators 1, 2 and 3. f) The center energies from oscillators 4-7. . . . . . . . . . . . . . 83
5.1 Scans along 00L through the (002) peak for EuFeO3 films on LAO (a), LSAT (b), STO
(c) and GSO (d). The c-axis parameter as a function of in-plane strain is shown in (e).
The red line is a guide for the eye. Reciprocal space maps about the (113) peak for
the EuFeO3 film on LAO (f) and GSO (g). Arrows highlight the Bragg peak from the
EuFeO3 films. The scale bars in (f) and (g) indicate the natural log of the measured
intensity. Image adapted from the work of A. Choquette et al.22 . . . . . . . . . . . . . 87
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film on STO. Image reproduced from the work of A. Choquette et al.22 . . . . . . . . . 88
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the eye). Image reproduced from the work of A. Choquette et al.22 . . . . . . . . . . . . 92
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Abstract
Tailoring Electronic Properties in Semiconducting Perovskite Materials Through Octahedral
Control
Amber K. Choquette
Steven May, Ph.D.
Perovskite oxides, which take the chemical formula ABO3, are a very versatile and interesting
materials family, exhibiting properties that include ferroelectricity, ferromagnetism, mixed ionic/-
electronic conductivity, metal-insulator behavior and multiferroicity. Key to these functionalities is
the network of BO6 corner-connected octahedra, which are known to distort and rotate, directly
altering electronic and ferroic properties. By controlling the BO6 octahedral distortions and ro-
tations through cationic substitutions, the use of strain engineering, or through the formation of
superlattice structures, the functional properties of perovskites can be tuned. Motivating the use of
structure-driven design in oxide heterostructures is the prediction of hybrid improper ferroelectricity
in A’BO3/ABO3 superlattices. Two key design rules to realizing hybrid improper ferroelectricity
are the growth of high quality superlattice structures with odd periodicities of the A / A layers, and
the control of the octahedral rotation pattern. My work explores the rotational response in per-
ovskite oxides to strain and interface effects in thin films of RFeO3 (R = La, Eu). I demonstrate a
synchrotron x-ray diffraction technique to identify the rotation pattern that is present in the films. I
then establish substrate imprinting as a key tool for controlling the rotation patterns in heterostruc-
tures, providing a means to realize the necessary structural variants of the predicted hybrid improper
ferroelectricity in superlattices. In addition, by pairing measured diffraction data with a structure
factor calculation, I demonstrate how one can extract both A-site and oxygen atomic positions in
single crystal perovskite oxide films. Finally, I show results from (LaFeO3)n/(EuFeO3)n superlat-
tices (n = 1-5), synthesized to test the motivating predictions of hybrid improper ferroelectricity in
oxide superlattices.

1Chapter 1: Introduction
In almost every introductory text into the field of materials science, you will find the materials science
paradigm, with structure, properties, performance and processing making up the four corners of a
tetrahedron. It is in this way that new students are introduced to the intimate connections that
materials scientists study and exploit to engineer materials for new and emerging fields, and to
improve efficiency in older systems. The study of complex oxides represents of one these vast fields,
encompassing materials with many functional and interesting properties of electronic, magnetic, and
catalytic nature. In particular, these properties have been found to be intimately connected to the
structure of the material, and can tuned through modifications of crystal chemistry and strain.
Perovskite oxides are just one family of many metal oxide materials that have been the focus
of much study. These oxides take the chemical formula ABX3, a very malleable structure, with
A and B able to accommodate most of the periodic table and X being oxygen, but can take an
element from the oxygen or fluorine group, as shown in Figure 1.1.1 There are many examples of
these perovskites displaying useful properties including ferroelectricity, ferromagnetism, high elec-
tron mobilities, catalytic behavior, mixed ionic/electronic conductivity, metal-insulator behavior and
multiferroic properties;1–9 this diversity of properties makes the perovskite oxides attractive mate-
rials for applications in data storage and processing, solid oxide fuel cells, and catalysis.10–14 One
of the keys to the functionalities of the perovskites is the BO6 octahedral network that is the basis
of the structure. These octahedra are known to both distort and rotate, while maintaining corner
connectivity. The distortions and rotations then change the B -O bond lengths and the B -O-B bond
angles, which are coupled to the electronic bandwidth of these materials. The distortions of the BO6
octahedra have been explored, demonstrating enhancement to properties such as ferroelectricity.15;16
The manipulation of the rotations has not been as well studied in thin films, namely due to the
experimental difficulty of measuring oxygen positions in thin films, but offers a promising strategy to
tailor properties in these structures. In addition, there have been a number of theoretical predictions
2Figure 1.1: The perovskite structure is shown on top, with the A atom (green), the B atom
(blue) sitting in the center of the octahedra, and the oxygen sitting on the corners of the
octahedra, and a majority of the periodic table can be accommodated into the structure. Image
adapted from Schlom et al.1
using control of the rotational pattern and superlattice layering to induce new properties. This leads
to the motivating questions for my work:
• How do the rotations experimentally evolve with changes due to the following: strain, A-site
ion size, film-substrate coupling, and coherent superlattice formation?
• How sensitive is the electronic structure (optical absorption, mobility, etc.) to changes of
rotations in the ABO3 structure
• Can rotations of the BO6 octahedra be used introduce new functionalities?
This dissertation helps to answer some of these questions. I focus on Pbmn-type perovskites,
namely thin films of EuFeO3 and LaFeO3. My work details the first epitaxial growth of EuFeO3
films via molecular beam epitaxy. I cover the details of film growth and explore the evolution of
the optical absorption spectra found with increasing A-site size and under different strain states. I
find that the absorption edge of EuFeO3 is blue-shifted relative to that of LaFeO3, consistent with
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3a structurally-induced increase in the band gap. Strain is found to also change the band gap, with
compressive strain causing a small red-shift and tensile strain leading to a blue-shifting.
I demonstrate routes to control the octahedral rotation pattern in Pbmn-type perovskite films,
which is a key design tool for realizing the superlattice structures needed for recent theory predictions.
I find that while the in-phase rotation axis can be controlled via large tensile strain as predicted
by density functional theory, a more robust method is through the use of substrate impriting. I
then demonstrate a method for calculating atomic positions in Pbmn-type thin films from measured
synchrotron diffraction data. An example is demonstrated through diffraction data from a bulk
NdGdO3 single crystal, verifying the model works well to quantify the structural information.
Lastly, I explore superlattices of [EuFeO3]n/[LaFeO3]n, where n = 1 to 5. Synchrotron diffraction
structural characterization and TEM verify that high quality superlattice structures of the correct
ordering are formed. Initial second harmonic generation studies of the various films to look at the
polarity of the structures demonstrates there are completing factors at play. While films that were
expected to show signal do (where n is odd and shows the correct rotational pattern), it is found
that all of the films measured (including a LaFeO3 and EuFeO3 film) show some second harmonic
generation signal, illustrating that there are many competing factors to the realization of predicted
hybrid improper ferroelectricity.
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4Chapter 2: Background
In this chapter, I provide background on perovskite oxides, specifically in the importance of the BO6
octahedral network. I cover the basic description of octahedral rotations in the perovskite system and
initial studies into the effect of these rotations on measurable properties. Prior work in measuring
octahedral rotations in bulk and thin films is presented. I introduce the importance of the perovskite
structure to optical properties and to ferroelectricity. I cover the improper ferroelectric behavior
found RFeO3 perovskite oxides, density functional theory-based strain predictions of strain-induced
ferroelectricity, and previous work on hybrid improper ferroelectricity in oxide heterostructures. I
then cover background on the LaFeO3 and EuFeO3 perovskite systems chosen for study in this work.
2.1 Perovskite Structure
The perovskite structure consists of corner connected BX6 octahedra with the A atom sitting in the
corners of cubic unit cell. For all of this work, the anion (X) in the system is oxygen. Most of the
properties in the perovskite system arises from the BO6 octahedra, where choice of the B ion allows
for the selection of functional properties such as magnetism. The A ion then controls the size of the
lattice and the valence on the B ion. The structure can easily adapt to mismatches between the
A-O and the B -O bond length, and the tolerance factor (τ),
τ =
rA + rO√
2(rB + rO)
, (2.1)
is a measure of this mismatch, where rA, rB , and rO are the ionic radii of the A and B -site cations
and the oxygen anions.17 For τ = 1, the ideal cubic perovskite structure is found, as is demonstrated
by SrTiO3 at room temperature.
18
5Figure 2.1: The variance of the structure with change in tolerance factor, τ . a) BaNiO3,
which displays the hexagonal structure found when τ > 1. b) An example of τ = 1 is SrTiO3,
which demonstrates a cubic perovskite structure. c) EuFeO3 showing the octahedral rotations
found when τ < 1. In this case the material is orthorhombic, and there are octahedral rotations
about each of the 3 pseudocubic crystal axis, [100], [010], and [001], as well as displacements of
the Eu ions (green) from the ideal corner positions.
2.1.1 Development and description of rotations
The tolerance factor is useful in predicting changes to the basic cubic perovskite structure. When
τ > 1, the B -O bond is under tension and the A-O bond is under compression, driving the system
towards hexagonal symmetries, such as seen in BaNiO3 in Figure 2.1a. As was just mentioned,
the cubic structure is found when τ = 1 and this structure is shown in Figure 2.1b for the case
of SrTiO3. When τ < 1, the B -O bond is under compression and the A-O bond is under tension.
In this case, the stress is alleviated by rotations of the BO6 octahedra.
19 Depending on τ and the
rotations, the system will be of tetragonal, rhombohedral or orthorhombic symmetries, if the BO6
octahedra remain uniformly undistorted. Typically, τ can be decreased by either increasing the size
of the B -site ion, or by decreasing the size of the A-site ion. In both these cases, to accommodate
the size deviations, the octahedra rotate to fill the space. In orthorhombic systems, such as Pbnm ,
this causes the A-site cations to also deviate from the ideal corner positions, as can be seen looking
at the green Eu atoms in EuFeO3 shown in Figure 2.1c.
These rotations can occur about any of the three <001> (pseudocubic) directions in the crystal.
These angles are typically referred to as α, β, and γ, where the α is the rotation about the [100]
Chapter 2: Background 2.1 Perovskite Structure
6Figure 2.2: The pseudocubic perovskite unit cell, with the possible rotation axes marked as
α, β, and γ. Image adapted from May et al.20
Figure 2.3: Two neighboring layers of octahedra looking down the c axis showing a) in-phase
tilts (+) and b) out-of-phase tilts (-). The circles represent the A ion. Image adapted from the
work of P. Woodward.21
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7Figure 2.4: An example of a Pbnm crystal structure, EuFeO3, viewed along the pseudocubic
[001], showing the in-phase octahedral rotations (a); and along the [100] directions, where the
out of phase rotations are readily seen. Image from A. Choquette et al using the structural
parameters for EuFeO3 from the work of M. Marezio et al.
22;23
pseudocubic direction, β is the rotation about the [010] pseudocubic direction, and γ is the rotation
about the [001] pseudocubic direction. These angles are illustrated in Figure 2.2. In order for the
BO6 octahedra to remain corner connected, these tilts can only occur in certain patterns, and Glazer
notation gives a convenient framework in which to refer to the tilt systems.18 In this notation, a set
of three letters are used in which the order refers to each of the axes in order [100], [010], and [001].
A repeating letter is used for tilts of equal magnitude and unequal tilts are denoted with different
letters. For example, if all the tilts in the system were unequal, this would be denoted as abc; if
all the tilts were equal, this would be denoted as aaa; and finally if the first two tilts were equal
and the third different, this would be denoted as aac. There are only 3 unique ways in which this
axis can tilt in a simple unit cell doubling manner: no tilt (0), in-phase tilts (+) as can be seen in
Figure 2.3a, or out-of-phase tilts (-) as seen in Figure 2.3b.18 For example, the basic cubic perovskite
structure which has no tilts would be denoted as a0a0a0, as is the case for SrTiO3. Another example
is a-a-c+, where two of the tilts are equal and out of phase, and the last tilt is in phase and of a
different magnitude, as can be seen in Figure 2.4. This is the tilt class of the Pbnm type symmetry,
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8which is adopted by a majority of the perovskite oxides,18;21;24–26 and this orthorhombic system is
the main system I study in this dissertation. Overall, there are 23 unique simple tilt systems, which
correlate to 15 unique space groups.18
2.1.2 How to tune rotations in bulk structures
In bulk compounds, the only way to tune the rotations of the perovskite structure is through the
chemical composition. In this case, one directly substitutes in different sized cations onto the A-
site in order to affecting the BO6 rotations by altering the B -O-B bond angles in the structure.
In systems where τ < 1, the rotations develop to alleviate stresses, and as τ is decreased, the
rotational magnitudes found in the structure increase.19 There are many examples of exploring the
chemical phase-space in bulk perovskites.8 One example is found in the study of the metal-insulator
transitions in bulk RNiO3 (R is a rare-earth element), exploring the dependence of the A-site ion
size on the Ni-O-Ni bond angles and metal-insulator transistions.27 As the R atom decreases in size
from La to Lu, the Ni-O-Ni bond angle was found to decrease from 165.2° to 144.4°. With this
bond angle change, the magnitude of the NiO6 octahedral rotations present increases as is expected
when decreasing the tolerance factor τ .27;28 Another noteworthy example is in the RMnO3 system.
29
B. Dabrowski and coauthors reported the structural information for each of the RMnO3 compounds,
where R=La-Dy, to extract the Mn-O-Mn bond angles. From neutron powder diffraction they find
for Mn-O-Mn bond angles of 155° for LaMnO3 decreasing to 145° for DyMnO3.
2.1.3 How to tune rotations in thin films
With the development of epitaxial growth techniques,31–41new methods of tuning the film structures
arose which use the epitaxial strain to control the properties. Much research has shown that per-
ovskites and their properties are very sensitive to the strain imparted into the material.42–45 Not as
well studied is how the internal BO6 octahedra respond to this imparted strain. The octahedra can
accommodate this strain in a few ways, either by distorting in shape or by introducing/modifying
octahedral rotations as shown in Figure 2.5. It has been demonstrated experimentally and theo-
retically in individual materials systems that the films tend to have a combination of both of these
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9Figure 2.5: Illustration of the possible distortions (top), and rotations (bottom) of the octa-
hedral under (a, c) compressive strain and (b, d) tensile strain. Image adapted from Rondinelli
et al.30
accommodations in response to epitaxial strain.46–48 In general, tensile strain tends to decrease the
γ angle and increase the α and β angles, as well as decrease the out-of-plane lattice parameter and
increasing the in-plane lattice parameters. Compressive strain does the opposite, by increasing γ
angles (and decreasing α and β angles), and increasing the out of plane lattice parameters (while
decreasing the in-plane lattice parameters).
Additionally, it has been found that the rotations can be altered in films by interfacial structural
coupling, due to the geometrical constraint that the octahedra remain corner-connected. This con-
dition is present when a film is bonded to the substrate, so the rotational pattern of the substrate
can be imprinted on the growing film, as has been seen in La0.67Sr0.33MnO3 (LSMO) thin films. For
example, LSMO films grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) and NdGaO3 (NGO) substrates
were studied because of their similar lattice parameters (3.868 A˚ for LSAT and 3.862 A˚ for NGO) but
differ in octahedral behavior, with LSAT lacking rotations (a0a0a0) and NGO having large rotations
(a-a-c+). The large deviations of the electronic and magnetic properties of ultra-thin films grown on
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the different substrates was connected to the MnO6 octrahera of the film coupling with the rotations
in the substrate.49 Additionally, this effect can be used in hereostructures and superlattices. Similar
rotational effects have been found in SrTiO3/LaAlO3 heterointerfaces, where the the LAO imparted
rotations into the STO layers, which lacks rotations in bulk at room temperature.50
In particular to Pbnm-type systems, there is limited understanding of what determines the
direction of the in-phase rotation axis in epitaxial Pbnm-type perovskite films. There has been
a number of theory papers exploring strain as a driving force for control of the in-phase rotation
axis51;52 and in addition there have been numerous reports of the rotation pattern within a single
film,53–57 systematic experimental studies probing the effect of a single variable, such as strain or
composition, on the rotation pattern in Pbnm-type films are lacking.
2.1.4 How are rotations measured
In bulk perovskites, the measurement of the structure and rotations is carried out with neutron
or X-ray powder diffraction, as the work in the RMnO3 system discussed earlier demonstrates.
29
For films, the main challenges to measuring the rotations in these structures is in determining the
oxygen positions, due to oxygen’s weak contributions to scattering and the decrease in total scattering
volume that is associated when dealing with a thin film system. Prior work has been done using
techniques such as transmission electron microscopy where they identify rotational patterns and
can measure the displacements, or by using extended x-ray absorption fine structure and multiple
diffraction rod analysis techniques which has a very complex data analysis associated, all to to gain
some insight to the rotations in thin films.50;58–63 An alternative method uses general diffraction
techniques partnered with calculations of the structure factor of the oxygen octahedra.20 Because
the rotation pattern effectively doubles the pseudocubic unit cell, this produces half-order Bragg
peaks, which depend on the rotation pattern.64 The intensity measured can then be compared to
the calculated intensities, which are determined calculating the following,
I = I0
1
sin(η)
1
sin(2Θ)
(
n∑
j=1
Dj |Fhkl|2
)
, (2.2)
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Figure 2.6: The rules laid out by A. Glazer for the reflections that arise from the rotations of
the octahedra, reproduced from A. Glazer 64 . These are the expected peaks for a doubled unit
cell, so to get the peaks expected for the pseudocubic unit cell, multiply each by 12 .
where I0 is the incident photon flux,
1
sin(η) is a correction for factor for the beam footprint,
1
sin(2Θ) is
the Lorentz polarization correction, Fhkl is the structure factor for the structure (including oxygen
positions, A-site positions, and in some cases the B -site positions) and Dj is a relative volume
fraction of the structural domains, and n would be the number of those domains present. The
structure factor is calculated from the following equation,
Fhkl =
n=N∑
n=0
fnexp
[
2pii
(
hun + kvn + lwn
)]
, (2.3)
where fn is the atomic scattering factor for a given element n, and the position of the n
th atom within
the unit cell is given by
(
u, v, w
)
. For rhombohedral perovskites with the a-a-a- rotational pattern,
this this structure factor would be calculated for just the 24 O2- positions.20 For orthorhombic
perovskites with the a-a-c+ rotational pattern, this structure factor would be calculated for the 24
O2- positions, the 8 A-site anion positions, which are displaced from the ideal corner positions, as
can be seen in Figure 2.4, and the B -site positions for normalization (004) peak.65 Measurements
of certain half-order peaks can quickly lead to identifying the rotations found in the system. The
relationship between the half-order peaks and specific rotations, laid out by A. Glazer in 1975,
identifies two types of peaks to measure: even-odd-odd type for in-phase rotations (+), odd-odd-
odd type for out of phase rotations (-).64 The actual rules are listed in Figure 2.6, if one considers a
doubled pseudocubic perovskite unit cell. To get the peaks if the unit cell was considered as purely
pseudocubic, one would divide the values by 2, e.g. a (h k l) peak for a doubled pseudocubic unit
cell would become a (h2
k
2
l
2 ) peak.
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Figure 2.7: A simplified illustration of the electronic band gap change due to octahedral
rotations. Here, with the increase of the octahedral rotations (decrease in the B -O-B bond
angle θ), the bandwidth decreases, which leads to a increase in the band gap.
2.2 Structure and Optical Properties
In perovskites there is a direct coupling between their atomic and the electronic structures causing
the physical properties to be very sensitive to the octahedral rotations. Most perovskite oxides have
the conduction and valence band comprised of d -states from the transition metal (B -site) and the
p-states from the oxygen anion, intimately linking the B -O bond lengths (d) and the B -O-B bond
angles (θ) to the electronic structure by coupling to the electronic bandwidth (W ),19 through the
relationship,
W ∼ d−3.5cos2θ.8 (2.4)
A simplified illustration for the changes to the bandwidth is shown in Figure 2.7, showing the
corresponding simple band diagrams for θ1 and θ2, and demonstrating that as θ decreases, the
bandwidth also decreases, which then should expand the band gap of the material. Most often
in the non-cubic perovskite structure the A-site atom is not directly relevant to the electronic
properties. Indirectly, the A-site can influence the properties through a ion size change, changing
the inherit rotations therefore influencing the bandwidth.8 This bandwidth framework is useful for
Chapter 2: Background 2.2 Structure and Optical Properties
13
explaining many electronic properties in these materials, such as the previously discussed metal-
insulator transition in the nickelates, where the system goes from pure metallic phase in LaNiO3 to
a system found to be insulating in LuNiO3. From La to Lu, the bond angle decreases, and cos
2θ
also decreases, decreasing the bandwidth and increasing the band gap.27
Bandwidth has been used to explore band gaps and optical absorption shifts in d0 perovskites.
Density functional calculations of CaTiO3 were performed by Eng et al
66, in which the Ti-O-Ti bond
angles were reduced from 180° to 152°, which causes a reduction in the electronic bandwidth W. This
corresponded to an increase in band gap on the order of 0.5 eV. The band gap change was observed
experimentally in the diffuse reflectance spectra. By changing the B -O-B bond angle from 180° in
SrTiO3 and KTaO3 to 156° in CaTiO3 and NaTaO3, they found an increase in band gap on the order
of 0.2 - 0.5 eV.66 Similar increases in band gap have also been reported in alkaline earth perovskites
systems, ATiO3, AZrO3 and ASnO3 due to the development of octahedral rotations (decreased B -
O-B angles).67;68 While these studies help demonstrate how bandwidth is a useful framework to
describe the connection of atomic and electronic structure in the perovskites, bandwidth is typically
measured indirectly, through measuring the electronic properties directly and then relating back to
the structure of the material.
2.3 Structure and Ferroelectricity
The crystal structure of a material can provide useful information into properties that can exist in
the system. A crystal’s structure is a description of the arrangements of atoms, ions or molecules
and the symmetries this arrangement forms. The smallest group of particles that can display the
crystal structure is the unit cell, which has all of the symmetry elements of the entire crystal lattice
and the size of this unit cell gives the lattice parameters. The symmetry elements of the unit cell
can be described through its crystallographic point group. In three dimensions, there are 32 of these
crystallographic point group, and crystals that show the same point group symmetry can be said to
be in the same crystal class. This unit cell can then be used to build the crystal, where this motif
is repeated at each point of the Bravais lattice, of which there are 14 different Bravais lattices, each
one which belongs to one of 7 lattice systems. Combining the Bravais lattices with the point group
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and translational symmetry elements, this leads to a total of 230 space groups.
Within the 32 different crystal classes, these can then be divided into the 11 classes that are
centrosymmetric and the remaining 21 that are non-centrosymmetric.69;70 To be centrosymmet-
ric, the structure must have inversion symmetry, in which for every point (x, y, z) in the unit cell
there is an indistinguishable point (−x,−y,−z). Examples of centrosymmetric systems are those
that are cubic, and the system relevant to this study, orthorhombic Pbnm. Non-centrosymmetric
materials lack this inversion symmetry, which allows for existence of polar properties. Of the 21
non-centrosymmetric, 20 of these are piezoelectric, showing electrical polarity when stressed. Then,
of these 20, 10 classes have a unique polar axis, where the crystal has spontaneous polarization,
and therefore are pyroelectric, where a change in temperature can cause a change in polarity. Since
one cannot typically measure the spontaneous polarization easily at the surfaces, the pyroelectric
response is a common way to detect this inherent polarization, though there are techniques such
as second harmonic generation and piezoresponse force microscopy that can also be used. A few
of the polar/pyroelectric crystal classes can also exhibit ferroelectricity, a system where an applied
electrical field can change the polarization, or ferroelasticity, where applied mechanical stresses are
responsible for a change in polarization.9;70
Ferroelectricity is dependent upon crystal structure which leads to the absence of inversion sym-
metry in the system. Ferroelectricity can be separated into two different types, proper and improper
ferroelectricity.71 In proper ferroelectrics, such as perovskite BaTiO3, the ferroelectricity arrises from
ferroelectric distortions in the crystal. In the example BaTiO3, this distortion is an off-centering
displacement of the Ti ion due to the d0 nature of the B-site ion and its hybridization with the
O 2p orbitals.9;72 The distortion allowed then is the displacement of the Ti-ion with respect to
the oxygen octahedra. In improper ferroelectrics, the ferroelectricity arises as a second order effect
that accompanies a more complicated crystal or magnetic phase transition.71 An example is in the
hexagonal YMnO3 system, where the ferroelectricity arises from a combination of the tilting of the
MnO5 polyhedra and a buckling of the Y-O planes.
73;74
The difference between proper and improper ferroelectrics becomes more clear when looking at
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the Landau theory of the associated phase transition of the system. Landau theory is an empirical
thermodynamic way to formulate a general theory of continuous (i.e., second-order) phase transi-
tions, proposed by L. Landau in 1937.75 Landau theory uses an expansion of the free energy in which
an order parameter, η, describe a symmetry breaking change that happens at a phase transition such
as the size of the polarization developed at a ferroelectric phase transition, or the angle of polyhedral
rotations as found in SrTiO3 below 105K.
76–78 Landau theory, though it was developed to look at
second-order transitions, can also be used to describe first-order phase transitions, and is able to
incorporate factors such as strain making it a very useful technique to describe and predict phase
transitions.76
In proper ferroelectrics, the Landau expansion of the free energy would look similar to the
following:
F (P ) = F0 + a(T − Tc)P 2 + bP 4, (2.5)
where F0 is the free energy that does not change through the transition, P is the order parameter
(η) which is now the polarization of the system, a and b are temperature independent parameters,
and Tc is the transition temperature.
76 There are no odd powers of the order parameter due to
the symmetry of the system (i.e. it should be able to switch between two equivalent positions to
change polarization so F (P ) = F (−P )). When T < Tc, the system then has two local equivalent
free energy minima, whereas when T > Tc the system only shows one minimum when P = 0. Now,
if one were to consider an improper system where there are two order parameters, one related to the
polarization, P , and two related to a rotations, φ+ related to an in-phase rotation and φ− related
to an out-of-phase rotation, the free energy would now be as follows:
F (P, φ) = F0 + (T − Tc)(a+φ+ 2 + a−φ− 2) + αP 2 − gφ+φ−P + 4th order terms, (2.6)
where like before we have the transition temperature Tc, temperature independent parameters a,
b, g, and α and the three order parameters P , φ+, and φ−.71;79 In this case the temperature
dependent order parameters are the rotation angles, and there is now a term that linearly scales
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Figure 2.8: Schematics of the different spin alignments possible, demonstrating ferromagnetic
ordering (F -type) (a), A-type (b), C -type (c), and G-type (d) ordering. Specific examples of
spin ordering are shown in e-g, with the collinar Gx (e), and the non-collinear GxAy (f) and
GxAyFz g). Image adapted from E. Bousquet et al.
80
with polarization P . Now, the polarization that arises is coupled to the development of the rotations.
2.3.1 Improper Ferroelectricity in RBO3 systems
Orthorhombic Pbnm perovskites are centrosymmetric, and therefore these materials should not
exhibit polarity, but these systems are very appealing when looking for non-collinear magnetism.
The structure allows for spin canting to develop perpendicular to any of the magnetic orders F,
A, C, and G-type, so even if the magnetic B -site ions (such as Fe, Mn and Cr) primarily order
antiferromagneticly, there can still be a weak ferromagnetic order to the system from this spin
canting.80 This weak ferromagnetic order is typically found as a GxAyFz type ordering, pictured in
Figure 2.8, where the G is the main type of magnetic ordering along the x direction in the crystal, but
the spins also show A-type alignment along the y, and F -type along the z. It is also possible for the
A-site cation to develop magnetic ordering in these systems. When this happens in systems where
there is already B site magnetic ordering, this can allow for spin-induced ferroelectricity.80 Specific
examples can be found in the RFeO3 Pbnm and RCrO3 Pbnm perovskites, where R is a magnetic
rare-earth ion. A detail explanation of the mechanism of this symmetry breaking is provided by Zhao
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Figure 2.9: a) The control of the polarization response with applied magnetic field in GdFeO3.
The insert shows the measured polarization hysteresis loop for zero magnetic field. Adapted
from Y. Tokunaga et al.82 b) DyFeO3 samples, showing the development of electrical polariza-
tion under applied magnetic field for a single crystal sample. Adapted from Y. Tokunaga83 c)
Pryocurrent measurements of DyFeO3 showing the existence of ferroelectric polarization above
50 K which exists until the upper limit of their measurements (100 K), adapted from B. Ra-
jeswaran et al.84 d) Pryocurrent measurements of SmFeO3, showing ferroelectricity above room
temperature existing up until the Ne`el temperature of 670 K. Adapted from J.-H. Lee et al.85
et al.81 They find that “any cubic ABO3 perovskite with magnetic A and B sub-lattices will behave
as a piezoelectric (that is, a material in which elastic strain induces an electric polarization) if the
A and B spins acquire a (collinear) G-type AFM order.”81 For the strongest predicted ferroelectric
polarizations, both the A and B spins show a G-type antiferromagnetic ordering, and the vectors of
the ordering are also parallel to each other, and the polar axis is found along the c direction in the
orthorhombic crystal (along the in-phase rotation axis (+)).
There have been a number of reports on RFeO3 perovskites where ferroelectricity arises from
two competing magnetic orders. In particular, this effect has been shown in GdFeO3, DyFeO3,
and controversial reports in SmFeO3.
82–90 Similar effects have also been reported in RCrO3 mate-
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rials.80;91–93 I would like to go through the different RFeO3 systems in detail, as it helps illustrate
some of the factors involved.
Single crystals of GdFeO3 were investigated by Y. Tokunaga et al.
82 This system shows GxAyFz,
which is antiferromagnetic ordering of B -site Fe with canting along the long orthorhombic axis, with
a Ne`el temperature, TN , of 661 K. Then at 2.5 K, the A-site, Gd, also antiferromagnetically orders
with a GxAy type ordering. This results in broken time reversal and space inversion symmetry,
allowing the development of an electrical polarization. In the inset of Figure 2.9a, the electrical
hysteresis measured by Y. Tokunaga et al is shown, where they observe a polarization of 0.12
µC/cm2 along the long axis orthorhombic axis (c). The system also shows a small net magnetic
moment of 0.37 µB/f.u., making this system multiferroic. They finally demonstrate control of the two
different ferroic orders with both external magnetic and electric fields (see Figure 2.9a).82 GdFeO3
was also investigated by S. Sahoo and coauthors, where they looked at powder samples, verifying
the multiferroic properties of the material.86
DyFeO3 is a slightly more complicated system, with two different magnetic orderings on the
B -site, as well as the ordering of the A-site. The Ne`el temperature of DyFeO3 is 645 K, below which
the B -site orders GxAyFz. Then in the range of 35-50 K, the system transforms into AxGyFz
ordering at the Morin transition,94 and then below 4 K, the A-site, Dy, develops magnetic ordering
showing GxAy non-collinear spin ordering. There are two interesting cases then for DyFeO3, the
low temperature regime (T < 4 K) and the high temperature regime (50 K < T < TN ).
Starting with the low temperature regime, the first thing to note is that the AxGyFz ordering of
the B -sites, and the GxAy ordering of the A-sites does not induce any polarization. Instead, a linear
magnetoelectric effect is enabled, whereby applying a magnetic field along the long orthorhombic axis
(c direction) induces an electrical polarization along the c direction. At high enough magnetic fields,
the magnetic order of the B -site then changes to the GxAyFz, allowing for electrical polarization to
develop, as shown in Figure 2.9b for a single crystal sample.83 In the high temperature regime (50
K <T <TN ), DyFeO3 has B -site order of GxAyFz, but the A-site spins should show no magnetic
ordering. Interestingly it is shown by B. Rajeswaran et al that there is a ferroelectric polarization
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above 50 K which exists until the upper limit of their measurements (100 K), as presented in
Figure 2.9c. It was suggested that this polarization is a result of weak magnetization developing on
the Dy ions which is from the iron sub-lattice magnetization, and was suggested that it should exist
up to the Ne`el temperature of DyFeO3.
84
The reports on SmFeO3 have been much more contentious. SmFeO3 shows a Ne`el temperature
of 670 K, where the B sites order in the GxAyFz type configuration. There is a spin-reorientation
transition at 480 K where the B -site reorders to FxAyGz as verified by C.-Y. Kuo et al.
88 In this
system, J.-H. Lee et al reported the measurement of ferroelectricity above room temperature in
their flux grown single crystal of SmFeO3, existing up until the Ne`el temperature of 670 K, as shown
in Figure 2.9d.85 Here the polarization is reported arising along the b orthorhombic axis in the
crystal, not along the long c axis as was found for the other systems. With pyroelectric current
measurements, they report a polarization of 93 µC/m2 (0.0093 µC/cm2). In addition they included
a Positive-Up Negative-Down (PUND) measurement, which is arguably more reliable measurement
of polarization.80;95;96 A study of SmFeO3 films on (001) SrTiO3 also confirms the existence of
ferroelectric polarization, with a polarization of 0.04 µC/cm2.87 In contrast C.-Y. Kuo et al argue
that SmFeO3 shows no ferroelectricity, based on their dielectric characterization of their SmFeO3
single crystal. They argue that the measured polarization by pyrocurrent reported by J.-H. Lee et
al is the result of misinterpreting magnetoelastic effects, and relate the reported hysteresis to the
lossy character of the measured sample.88
2.3.2 Strain-driven Ferroelectricity
Because orthorhombic Pbnm perovskites are centrosymmetric and should not show polarity in the ab-
sence of magnetic ordering on the A-site, there has been work to induce ferroelectric polarization into
the Pbnm structure. One such route that has been explored is the use of epitaxial strain.43;81;97–99
One study focuses on a model system, CaMnO3, which has a Pnma structure (similar to Pbnm,
except the long axis is along the b direction of the crystal), using first-principals density functional
theory calculations.99 In this work, the relaxed ground state has a GxAyFz magnetic ordering on
the B -site ions. In their work, they set a and c equal and applied the strain by adjusting these
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Figure 2.10: a) An image of the Pnma structure looking down one of the the orthorhombic
short axis, with the A-site Sr displacements highlighted in red, showing the net zero polarization
developed (graph). b) An example of a A/A’ cation ordering Pnma structure, again looking
down one of the short orthorhombic axes. The displacements are again highlighted, with Sr
in red and Ba in blue. Note the difference in the size of the displacements, leading to a net
polarization developed parallel with the A-site displacement vectors (graph). For both images,
the long orthorhombic axis (c in Pbnm or b in the Pnma structure) is in the vertical direction.
Figure adapted from the work of A. Mulder et al.100
lengths and allowing for the b direction to relax. When applying tensile strain, they found a change
in the magnetic structure to FxCyGz. With increasing tensile strain (in the range of 2 to 3 % strain)
a ferroelectric transition occurs, and a non-zero magnetoelectric response is allowed. At even larger
strains, the magnetic order again switches, going to AxGyCz and both the magnetoelectric response
and the weak ferromagnetic ordering from the canting is lost.99 In a different study, H. J. Zhao et al
predict the effect of strain on RFeO3 perovskites.
97 In this work, they simulate growing a film on a
substrate, fixing in-plane lattice parameters and allowing the out-of-plane to relax. In this case they
follow the structural evolution of the perovskite with strain, finding that at high tensile strains (5.9
to 7.1 %), the stability of different polar phases, P4mm, P21am(I), and P21am(II) is allowed. All
three of these crystal structures show ferroelectric polarization with predicted polarizations on the
order of 20 µC/cm2 in the case of the P21am(I) phase all the way to 125 µC/cm
2 for the P4mm
phase. Lastly, the work of H. Zhao et al looked at the effects of the two magnetic orders creating
ferroelectricity, they find that it is possible to enhance the polarization by applying large strains to
the system.81 While such large tensile strains (6 %) are hard to achieve in films, these studies imply
the possibility of large tensile strains driving the material to a polar state.
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2.3.3 Hybrid Improper Ferroelectricity
More recently, rotations inherent in the orthorhombic perovskite structure have been found to in-
troduce new functionalities into the materials, as shown in initial work from Bousquet et al.79
Here, ‘improper’ ferroelectricity in PbTiO3/SrTiO3 superlattices was found, which arises from the
interfacial coupling of the rotational modes in the superlattice.79 Further theory work has demon-
strated there is a development of ferroelectricity in layered perovskites with A-site ordering and a
Pbnm type structure.101–103 The design rules for the creation of “hybrid improper ferroelectricity”
in ABO3/A’BO3 superlattices, established by Rondinelli and Fernnie
102, are as follows:
1. The material should have a layered A/A’ cation ordering, with odd layering (i.e. one A layer
then one A’ layer, three A layers then three A’ layers, etc.)
2. The parent materials should exhibit the orthorhombic Pbnm structure with a a-a-c+ rotational
pattern (or the very similar Pnma which has a-b+a- rotational pattern).
The two factors are important because the polarity is developed from the presence of the A-site
displacements, as can be seen in Figure 2.4b. In particular, layering along the crystal axis with the
inherent A displacements is used to induce this polarity, as is shown in Figure 2.10. This means the
layering needs to be perpendicular to the orthorhombic long axis, c in Pbnm materials systems, or
along the b in the Pnma structure. The A-site displacements are proportional to the magnitudes
of the rotations, so by decreasing the A-ion size, this increases the magnitude of the rotations, and
therefore increasing the size of the A-site displacements. Further work by Mulder et al explored the
practicality of these materials, leading to a third consideration.100 They found in order to have a low
switching barrier and a high polarization in the resultant superlattice, the bulk ABO3 and A’BO3
materials should be chosen such that the average tolerance factor (τavg) is large, and the difference
in the two materials tolerance factors is all also large (∆τ), with the polarization (P ) relating to
these as follows:
P ∼ ∆τ(1− τavg).100 (2.7)
This theory work offered a promising route to manufacturing new ferroelectrics and potentially
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Figure 2.11: a) A diagram of the [(YFeO3)5(LaFeO3)5] superlattice with a sinusoidal occu-
pancy of the A-site cations, along with the contributions to the polarization tabulated for each
layer b) A HAADF-STEM image along with an intensity profile from a [(YFeO3)5(LaFeO3)5]40
heterostructure. The red line demonstrates a crenel function, and the green is a sine-wave
modulation. These images are adapted from J. Alaria et al.104
multiferroic materials through the control of octahedral rotations.
Initial work in creating oxide heterostructure with an odd layering of A/A’ cation ordering was
carried out by J. Alaria et al in films of [(YFeO3)5(LaFeO3)5]40.
104 Due to the difficulty of growing
films with sharp A/A’ cation ordering, they first extended the design rules discussed to make it more
general. They find that as long as the ordering is along the long orthorhombic axis and odd crenel-
like superlattice layering, the superlattices will be polar. A crenel function is a periodic discontinuous
function P (x) such that P has a value of 1 for a length x and then 0 outside of it, repeating on
a given interval, which can be thought of as a difference between two Heaviside functions (step
functions) with an amplitude of 1.105 This extension of the design rules is that even for sinusoidal
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A/A’ occupancy (or inter-diffusion at a interface) as long at the periodicity is over an odd length,
the systems should still be polar, as shown in Figure 2.11a. J. Alaria et al demonstrated pulsed
laser deposition growth of a [(YFeO3)5(LaFeO3)5]40 heterostructure on SrTiO3 (001) and DyScO3
(110), verifying the cation ordering with both x-ray diffraction and HAADF-STEM imaging, shown
here in Figure 2.11b. There is some inter-diffusion found at the interfaces, as can be seen in the
HAADF-STEM image. These samples were found to consist of multi-domain regions, since the
long orthorhombic axis here can lay both in and out of the plane of the film. Thus there are
some regions where the cation ordering is correctly along the long orthorhombic axis and so are
polar, and regions where this condition is not met. The polarity of the samples was measured with
second harmonic generation and piezoelectric force microscopy, demonstrating polar behavior in
some regions of the film. Overall their work showed the importance of the ability to control the
direction of the orthorhombic axis (or control the growth direction of the in-phase rotation axis) as
well as the flexibility to the overall heterostructure layering.
2.4 Material System Selected
As one might infer from the previous discussion, one of the more studied families of perovskite oxides
are the RFeO3 materials, where R is a rare earth element. This system typically takes a Pbnm or
Pnma crystal structure, as is shown in Figure 2.4. Of these, a large body of work has focused on
LaFeO3, in both bulk
23;106–120 and thin film form.121–127 LaFeO3 is semiconducting with a band
gap of 2 - 2.6 eV, depending on how the optical absorption spectra are analyzed.128;129 The Fe
cation takes a high-spin 3d5 electronic configuration. In addition to promoting an insulating state,
the d5 configuration results in G-type antiferromagnetism arising from superexchange interactions
between the full eg - full eg states, leading to a GxAyFz magnetic ordering with a Ne`el temperature
of 738 K.106;107;109 This material also goes though unique electronic transitions as Sr is substituted
into the structure for La, undergoing a charge-ordering transition.130;131 A lesser studied material
is EuFeO3, with most studies performed on the bulk system.
23;132–134 EuFeO3 is also a G-type
antiferromagnetic with a GxAyFz magnetic ordering and Ne`el temperature of 661-671 K.
107;134;135
EuFeO3 exhibits larger octahedral rotations than LaFeO3 due to the reduced size of Eu
3+ ion (108.7
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pm) compared to La3+ ion (117.2 pm)136; the average Fe-O-Fe bond angles are 147.9° in EuFeO3
and 157.6° in LaFeO3.111;116;137 The difference in cationic size is also reflected in the pseudocubic
lattice parameters (ap) of the two materials, where ap = 3.869 A˚ for EuFeO3 and ap = 3.931 A˚ for
LaFeO3.
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Chapter 3: Experimental Techniques
This chapter will focus on the experimental techniques utilized for this study. A discussion of film
growth, and in particular some of the considerations for molecular beam epitaxy will be discussed.
The in-situ technique of reflected high energy electron diffraction will be discussed, with a short
experiment showing how it can be used to determine film cation composition. A discussion of
atomic force microscopy and its used in this study for substrate preparation is also presented. I then
provide background on the following techniques used that were most used this study: spectroscopic
ellipsometry, Rutherford backscattering, x-ray diffraction and reflectivity. I also provide a brief
summary of x-ray absorption spectroscopy, transmission electron microscopy, electron dispersive
x-ray spectroscopy and scanning electron microscopy, and second harmonic generation.
3.1 Thin Film Growth
Today, there are many methods used to grow thin film oxides, such as molecular beam epitaxy
(MBE), pulsed laser deposition (PLD), and chemical vapor deposition (CVD). One consideration
here is the energies associated with these growth processes. In PLD, show in Figure 3.1a, a high
power laser ablates ceramic targets, and the depositing particles have considerable kinetic energy
(∼40 eV). This can help the kinetics of the film growth by activating the dissociation of gas molecules
Figure 3.1: Schematics of a typical PLD system (a) and a MBE system (b). Adapted from
the following references.9;138
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Figure 3.2: A schematic showing (a) a lattice matched film and substrate, (b) a film-substrate
interface with a small lattice mismatch showing a strained film, and (b) a film-substrate interface
with a large lattice mismatch and formation of misfit dislocations to relieve strain. Image
reproduced from M. Opel.140
such as O2 or by helping preserve complex chemistries due to being far from equilibrium process.
However PLD has drawbacks such as splashing, where large particles are ejected from the target
onto the substrate.9 With MBE growth, shown in Figure 3.1b, one heats elemental sources to form
molecular beams of material onto a heated substrate. This is a low energy growth mode (∼1 eV) and
oxygen is supplied near to the substrate. To optimize the quality of the oxide film and to prevent
the presence of sub-oxide layers, it is important that the rate of oxidation of the metals deposited is
higher than the rate of film growth.139 To achieve this, typically O3 or atomic oxygen from oxygen
plasma is supplied to help remove the competing factor of oxygen dissociation, which by itself is
a complicated kinetics problem that would only add to the complexity of the surface diffusion and
growth of the oxide.139 Overall, whichever deposition technique is chosen, the actual film growth
then becomes a nucleation and growth process, where nucleation can take place at different locations
such as step edges, and is affected by many features, such as the lattice misfit, crystal symmetry,
and interfacial chemistry.
When growing thin films, one of the primary considerations is the choice of substrate. Epitaxial
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growths are typically desired, meaning that at the surface of the substrate, gaseous atoms condense
to form a single crystal film, sharing crystallographic properties with the substrate. Of these, the
in-plane lattice constant is one of the primary considerations. To quantify the difference between
the substrate and the film in-plane lattice parameters, lattice mismatch (f) is defined as,
f =
afilm − asub
asub
, (3.1)
where afilm and asub are the bulk in-plane lattice parameters of the film and substrate, respectively.
As can be seen in Figure 3.2, this lattice mismatch can impart strain in the film, for which f is used
to predict. As the film grows, elastic strain energy builds up in the film due to this lattice mismatch
and the inherent stiffness of oxides, which can lead to different mechanisms to relax the film, such as
misfit dislocation formation, transformation from 2D to 3D layer growth, film bulking or coincidence
lattice formation.140;141 How the film relaxes is determined by the growth kinetics and the energies
associated with each mechanism of strain relaxation.
In misfit dislocation formation, the interplay between the energy associated with defect formation
and the strain energy from the lattice mismatch determine the propensity for strain relaxation.
Matthews and Blakeslee formulated expressions for the force exerted by the misfit strain (F) and
the tension due to the dislocation formation (Fl) as follows,
F =
2G(1 + ν)
(1− ν) bh cosλ, (3.2)
Fl =
Gb2
4pi(1− ν) (1− ν cos
2 α)
(
ln
h
b
+ 1
)
, (3.3)
where G is the shear modulus, ν is the Poisson ration, b is the Burgers vector,  is the misfit strain
(max =
1
2f), h is the thickness of the layer, λ is the angle between the slip plane and the film plane
normal to the interface of the slip plane and the interface, and α is the angle between the dislocation
line and the Burgers vector.142 They found the critical thickness, Hc, by setting Fmax = 2Fl and
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Figure 3.3: Schematic of the progression of the 3 different growth modes, depicting a)
Frank-Van der Merwe (layer-by-layer growth), b) Volmer-Weber (island growth), c) Stranski-
Krastanov (mixed layer-island growth). Image from M. Opel.140
solving, giving the following equation,
Hc =
b
4pif
(1− ν cos2 α)
(1 + ν) cosλ
(
ln
Hc
b
+ 1
)
. (3.4)
As is expected, as the lattice mismatch, f , increases, the critical thickness (Hc) in the film decreases.
This critical thickness indicates the thickness at which dislocations will form to dissipate the strain
energy. One example is in the NbxTi1−xO2 system grown on TiO2 (110).143 The axial M-O bond
length in NbO2 is 12 % larger than that in TiO2, which lies along the (110) plane, leading to a large
uniaxial strain in the film. In this system, dislocation defects form in the region of Nb0.43Ti0.57O2
which from approximately 4-5 monolayers after the interface.143 A different example is of growth of
SrTiO3 films on DyScO3 (110) oriented substrates.
144 Here, the SrTiO3 films experience an average
tensile strain of 1.14%. They find the critical thickness (Hc) for the SrTiO3 films to be 60 A˚, but
observed dislocations formation between 350 and 500 A˚.144 The differences between the expected
and observed critical thickness is due to numerous factors, including the low growth temperatures
used in the films.
Interfacial energy is also important when considering film synthesis. This has a strong effect
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Figure 3.4: Schematic to understand Young’s equation. Image from L. Martin et al.9
on the initial layers of the deposition, where the film can grow either in Volmer-Weber (island
growth), Frank-Van der Merwe (layer-by-layer growth), or Stranski-Krastanov growth modes, as
seen in Figure 3.3. In order to determine the growth mode, the following equation is used,
γsv = γfs + γfv cos θ. (3.5)
This is also know as Young’s equation, and γsv, γfs, and γfv are the surface energies of surface with
vapor, film with surface and film with vapor respectively and θ is the wetting angle with the surface,
as seen in Figure 3.4.9 Therefore, when θ < 0, this suggests island growth; layer-by-layer growth
will occur when θ ≈ 0 and γsv > γfs + γfv. Stranski-Krastanov is a special case where initially
γsv ≥ γfs + γfv is true, but as the film gets thicker the strain energy from the lattice leads to a
transition to island-like growth. Within Frank-Van der Merwe layer-by-layer growth, one commonly
observes one of three different film growth modes: island formation, where the film grows from the
nucleation, growth, and then coalescence of small islands to form one layer; step bunching, which is
when the steps found on the surface grow outward but then crowd together, forming large terraces
in the films; and finally step flow, which is the preferred method, in which the steps act as the
nucleation sites and then the film grow laterally.145 The dominate mechanism is determined by the
competition between kinetic and elastic strain effects at the surface.
The underlying symmetry of the substrate can also be extremely important to the kinetics of thin
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film growth, especially in oxide-on-oxide systems. One particular case study is synthesis of CaRuO3
which in bulk is orthorhombic with pseudo-cubic lattice parameters of a = 3.84 A˚, and b = c =
3.85 A˚. D. L. Proffit et al grew CaRuO3 on two different substrates, cubic (LaAlO3)0.3(Sr2AlTaO3)0.7
(100) (LSAT) and orthorhombic NdGaO3 (110).
54 Due the small lattice misfit for CaRuO3 on these
substrates (∼0.5%), CaRuO3 was expected to grow high quality epitaxial films on both substrates,
but films on LSAT showed a multi-domain structure, while for films grown on NdGaO3, the films
display a single domain structure.54 A study investigating the deposition of orthorhombic LuScO3
on a variety of substrates found a similar result, with the best quality films on the orthorhombic
crystals of NdGaO3 (110) and DyScO3 (110). By assuming that the film structure was stabilized by
the underlying substrate symmetry, they experimentally found a critical thickness at which LuScO3
relaxed into a bixbyite structure.146 This parallels the relaxation of films due to strain, except here
the relation is in the crystal symmetry. Both of these studies show that the underlying structure of
the substrate can have a huge effect on growth kinetics and phase stability of thin film oxides.
The interfacial chemistry can also have large effects on the thin film growth. Both inter-diffusion
and oxidation-reduction reactions with the substrate can happen, and bulk thermodynamics may
not always be a reliable predictor.139 One example of intermixing is Fe3O4 and γ-Fe2O3 growth
on MgO (100). MgO is very well latticed matched to both, and can allow for a stable epitaxial
structure. S. Thevuthasan et al found that during growth above 450 °C and during annealing, Mg
would diffuse out of the substrate into the Fe3O4, forming a stable spinel of MgxFe1−xO3. Above
800 °C, Fe would diffuse into the MgO substrate.147 Interface chemistry can also affect the quality
of the film epitaxy. R. A. McKee et al found that when growing BaTiO3 on MgO (100), the initial
monolayer of either BaO or the TiO2 greatly affects the morphology.
148 The strain acts to drive the
BaO to grow rotated cube on cube, but this is electrostatically not favorable since then either all
the Ba would be on top of Mg sites or all the oxygen on top of an oxygen site, leading to very high
surface energy. By growing a monolayer of TiO2 first, the electrostatic repulsion is minimized and
good quality epitaxial films of BaTiO3 were deposited.
148
Overall, growth methods and environment, strain effects, interface energy, crystal symmetry, and
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interface chemistry have a large effect on the kinetics of growth and the final properties of the thin
films. The ideal in this field of science is to gain a complete picture of the growth modes, in order
to design systems that drive the material to display the functionally useful phase, even though in
bulk that phase might not exist. It is important to gain a better understanding of the kinetics of
less understood processes: effect of underlying crystal symmetry on the growth and film structure,
the effect of intermixed/buffer layers, the kinetics of superlattice synthesis, and effects of doping on
the deposition process.
3.2 Molecular Beam Epitaxy
The materials studied for this dissertation were synthesized using molecular beam epitaxy (MBE).
As discussed previously, MBE is a specialized form of physical vapor deposition in which individ-
ual elemental sources are heated to the point of evaporation or sublimation while the chamber is
maintained under high vacuum.1;31 The sources are directed towards a common focal point using
conical crucibles to shape the flux into a molecular beam. A heated substrate is then placed at the
focal point. Individual shutters are used to control the impingement of atomic flux on the substrate,
allowing for precise control of cation stoichiometry and layer thickness.
Deposition was carried out in an Omicron NanoTechnology LAB-10 MBE chamber, modified for
oxygen growth, which is depicted in Figure 3.5. The modifications included an inlet for controlled
gas introduction using a needle valve, and the attachment of an ozone generator, which is capable of
delivering a 5% ozone and 95% molecular O2 mixture into the chamber. The gas flow was fed through
a capillary tube exiting towards the growth substrate to increase the local oxygen partial pressure
at the substrate. In addition, the chamber has been fitted with a Mantis Series RF Atom Source
plasma generator, to which a mass flow controller (MFC, Model # GE50A004101RAV026, MKS
Instruments, Inc) stabilizes the flow of gas into the generator or into the chamber. The addition of
the MFC allows for more precise control of the oxygen pressure, when pressures greater than 1 x 10−6
Torr are used. The pure elemental precursor materials were vaporized from Knudsen effusion cells
(K-cells) made by MBE Komponenten. A high temperature (HTEZ) K-cell is used for lanthanum,
and mid temperature (WEZ) cells for iron and europium. Crucible materials were tungsten, alumina
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Figure 3.5: Photograph of Omicron LAB-10 MBE system in use at Drexel University as of
Spring 2017. In the bottom, one can see the 2 of the 5 elemental sources with waterlines, and
the plasma generator matching unit.
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(Al2O3), and pyrolytic boron nitride, lanthanum, iron, and europium, respectively. Each K-cell is
equipped with a computer-controlled shutter from MBE Komponenten to enable automated dosing
of the elemental flux. The K-cells were kept cool using a recirculating water chiller (ATC K1) with a
water temperature set point of 20-25°C. The chiller also worked to maintain a constant temperature
of the quartz crystal monitor (QCM) sensor head of an STM-100 / MF QCM made by Sycon
instruments. To analyze the residual gases in the chamber and for general leak detection purposes,
a R71100 residual gas analyzer (RGA, Stanford Research Systems) was fitted to the MBE chamber.
Vacuum levels less than 4 x 10−11 Torr were achieved by two turbo molecular pumps, a Pfeiffer
Hi-Pace 700 for the main chamber and Hi-Pace 80 for load-lock duties. Each turbo was backed up
with an Agilent Technologies IDP-3 scroll pump. To minimize chamber pressure, a three filament
titanium sublimation pump by Varian Vacuum Technologies is also attached to the system. The
pressure was monitored in the main chamber using an ion gauge and using a standard high vacuum
gauge in the load-lock. The main chamber turbo pump was equipped with a pirani gauge to roughly
estimate when it was safe to operate the ion gauge.
The MBE is equipped with 5 K-cells, which are kept at room temperature unless in use for
film growth. The growth process began by heating K-cells to their deposition temperatures at a
rate of 1°C per second. Lanthanum heating was halted at 800°C and slowed to 0.1°C per second
until 1100°C to avoid thermal expansion issues leading to mechanical failure of the tungsten crucible
due to the dissimilar expansion of its contents. This is the largest concern through lanthanum’s
melting point at 920°C. The rate was then increased to 1°C per second until it reached deposition
temperatures. Iron and europium sources were uninterrupted while being heated. Approximate
deposition temperatures for the three elements were 1450-1490°C, 1240-1290°C, and 460-510°C for
lanthanum, iron, and europium, respectively. After reaching the programed temperature the sources
were typically allowed to stabilized for an hour prior to measuring rates. During the heating process
of the K-cells, the system pressure typically increased reaching a base pressure of ˜5 x 10−8 Torr
once all sources reached operating temperature. Occasionally, the pressure would initially spike to
greater than 10−7 Torr, likely due to the removal of contaminants or oxides that have formed on the
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elemental source materials, crucibles, or K-cell filaments. The pressure typically decreased during
elemental flux rate measurements, to a value <10−8 Torr before introduction of oxidizing gas and
film deposition.
Single crystal substrates were adhered to a tantalum sample holder with silver paint (Electron
Microscopy Sciences). After mounting the samples, a hotplate (Fisher Scientific) was used to heat
the sample “stub” to a temperature of 150°C. Samples were held at 150°C for a 30 minutes to burn
off organic binders in the silver paint and then the hotplate was switched off to cool the substrates
to ambient temperature. Substrates and sample holders were handled with gloves to avoid the
application of fingerprints which can outgas in ultra high vacuum chambers. Typical substrate sizes
varied from 2.5 by 2.5 to 10 by 10 mm. Single crystal substrates were purchased from either MTI
Corp., Crystal GmbH, or CrysTec GmbH, and were scribed with a diamond scribe then cleaved to
size using a either glass slide as a cantilever or a dedicated glass cleaver. The optical properties
of each substrate was measured with spectroscopic ellipsometry after mounting. Afterwards, the
tantalum sample holder with the substrates attached was inserted into the MBE load-lock using a
special substrate stub holder and a magnetically coupled cantilever locking transfer arm. After the
substrates were loaded, the load-lock turbo pump was run for at least 10 minutes, and then prior to
growth the substrates were then loaded into the main chamber while the source shutters remained
closed.
The relative source flux was measured with the QCM system described above utilizing a 6
MHz gold coated quartz crystal (PN 500-117, Sycon and PN 750-1000G10, Inficon). The quartz
crystal was positioned near the location of the substrate during deposition using a retractable bellows
feedthrough inlet; in the fully extended position this placed the QCM just under the growth position.
The shutter covering a K-cell was opened and the QCM set to record the data via the computer
software. The first 12 minutes (though actual times may be longer for very hot sources such as
lanthanum) were discarded due to thermal effect of the opened k-cell on the QCM, which greatly
influences the vibrational frequency of the quartz crystal. After letting the QCM temperature
stabilize, which was typically seen in the stabilization of the deposition rate, the shutter would then
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remain open for 480 seconds (8 minutes) and the rate was calculated from this segment of data. The
relative deposition rates were calculated in A˚ per second through the following:
rQCM =
Tf − Ts
tf − ts , (3.6)
where rQCM is the rate measured by the QCM in A˚ per second, Ts refers to the thicknesses in
angstroms measured at the start of the measurement, at time, ts, and tf is the final time. The total
time, tf − ts was kept constant at 480 seconds (8 minutes) to maintain consistency with calibrations
between different growths. Quartz crystals were always replaced before 70% remaining lifetime with
100% being a new crystal.
Due to the difference in density as well as other factors, the QCM does not measure the absolute
deposition rate for each source. The absolute rate in monolayers per second depended on the
surface density of the substrate material and an elementally dependent calibration factor, and can
be calculated using the following equation:
Rate =
dsurface
rQCM ∗KRBS , (3.7)
where dsurface is the surface density of atomic sites (atoms/cm
2), rQCM is the rate measured by the
QCM in A˚ per second, and KRBS is a correction factor determined by compositions of calibration
films using Rutherford Backscatter Spectroscopy (RBS) and thickness measurements through x-ray
reflectivity. The surface density, dsurface, can then be calculated for each substrate used from the
following:
dsurface =
formula unit/unit cell
a ∗ b , (3.8)
where, a is the a-axis lattice parameter in centimeters, and b is the b-axis lattice parameter. This
equation assumed the c-axis was out-of-plane, but this formula can be adapted for all orientations.
Together, the rate and the surface density allow the calculation of the amount of time that a
shutter needs to be open to deposit a single monolayer of a species onto the surface of a specific
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substrate, assuming the film retains the perovskite structure. For the cases where films are grown on
multiple substrates during one growth, then either an intermediate value for dsurface or the dsurface
value for the most important film would be used. For example, if a growth was to be on SrTiO3,
LSAT, and GdScO3, and all were equal importance, the rates would be calculated using the SrTiO3
dsurface value, but if the needed film was to be GdScO3 (as was the case for the superlattices),
its dsurface value would be used. In table 3.1, I have summarized the different substrates, their
structures, their lattice parameters (both the actual and the pseudocubic), and the surface density,
dsurface, for all of the substrates used in this study.
After the sources had stabilized at temperature for an hour, flux rates for each source were
measured. Each flux was measured at least two times prior to growth, with an hour between each
source’s rate measurement. With three sources hot, this is achieved by measuring each one in series,
typically starting from the coolest source. As an example, if Eu, Fe and La were all hot, then
one would measure Eu for 20 minutes, Fe for the following 20 min, and lastly La for 20 min, and
then repeat this series. The goal is to achieve drifts of less than 2% per hour in the rate for the
individual sources, with a targeted shutter time between 15 and 30 seconds. With times shorter
than 15 seconds, there would be issues with flux changes from the movement of the shutter, and
longer than 30 seconds then drift of the actual flux of the source due to issues such as oxidation
becomes a concern.
To begin growth, the sample heating stage was lowered into the chamber to the focal point of
the K-cells. Then oxygen was introduced into the system, in one of two ways, either through the
use of a manually controlled needle valve or through the use of a mass flow controller. The first
step for both of these methods is to purge the lines to insure that pure O2 is introduced into the
main chamber. This process involves a fill-purge process, repeated a minimum of three times, using
99.999% pure research grade O2 or 99.994% Ultra High Purity Oxygen (Airgas) as the source gas.
After the fill-purge cycle, the source gas could also be sent through an ozone generator prior to
introducing into the chamber. For the use of the manual controlled needle valve, the pure O2 or
O3/O2 mixture was then leaked into the main chamber using a manual needle valve to the desired
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growth pressure which was typically 1-5 x 10−6 Torr. When using the MFC, the computer was used
to input values in sccm (standard cubic centimeters), starting at 0.075 sccm and incrementing up
in steps of 0.005 sccm. To achieve the correct pressure, typically one would increase the flow rate
until an increase in the pressure was seen (∼0.2 to 0.3 sccm), then the input value would be dialed
back until a stable pressure was achieved (for pressures of 1 x 10−6 Torr, 0.1 sccm or less is a typical
setpoint). The pressure was not allowed to exceed 5 x 10−5 Torr, at which point the interlock trips
and cuts power to pumps and K-cells. Once the pressure stabilized the substrates were heated using
a tungsten-filament resistive heater positioned behind the substrate stub on the opposite side of
the substrates. The substrate temperature was monitored with an IMPAC IGA 50-LO Plus optical
pyrometer capable of measuring temperatures between 300°C and 1000°C (LumaSense Technologies)
and two NiCr/Ni thermocouples near the substrate.
The actual deposition could be done in two different modes, layer-by-layer or co-deposition.
In layer-by-layer, layers of A-site cations were deposited independent from the B -site cations in
one monolayer intervals. This leads to a much slower growth mode, with a complete unit cell
deposition taking between 40-60 seconds to complete. Co-deposition is where A- and B -site ions
were deposited simultaneously in one unit cell intervals. Co-deposition effectively cuts the growth
rate in half assuming equal shutter times, and was more commonly used. This mode made for
quicker growths in order to minimize deposition rate drift influenced by exposure to the oxidizing
gas introduced during growth. The K-cell shutters were controlled MBE Komponenten motors that
were opened by an Arduino UNO micro-controller using a script written in Arduino. The script
would include all shutter times and pause times. To start the deposition, this file is uploaded to the
Arduino micro-controller, which allows the shuttering sequence to run independent of the connected
PC.
Following film synthesis, the films were cooled by gradually removing power to the substrate
heater. Depending on the film, this was either allowed to occur in a span of a minute to ten minutes.
The films continued to cool in a background of oxygen in the main chamber for 10 minutes, while
the thermocouple voltage decreased. When it read 4mV or lower, the oxygen flow was halted and
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Table 3.2: The variables considered for growth of EuFeO3, LaFeO3, and EuFeO3/LaFeO3
superlattices.
Variable Minimum Maximum
Substrate Temperature (°C) 500 800
Oxygen Pressure (Torr) 8x10−7 8x10−6
Gas Composition Oxygen 5% Ozone
Layer Anneal Time (seconds) 0 30
Total Film Thickness (unit cells) 40 100
Layer Growth Scheme layer-by-layer Co-deposition
Superlattice Periodicity 1:1 10:10
Film/Substrate Lattice mismatch 2% compressive 2.3% tensile
samples were removed from the MBE through the load-lock chamber and stored in plastic containers
under ambient conditions. Deposition rates were often measured after growth in the same fashion
as before deposition to look at the possible drift that occurred over the growth. When all growths
for the day had finished, elemental sources were cooled to room temperature after obtaining the
post-growth rates in the reverse manner as heating, with lanthanum being the only exception since
it would be cooled at a rate of 0.1°C per second until fully cooled.
MBE provides a wide range of deposition parameters that can be precisely controlled to find ideal
growth conditions. In this study, the variables considered for synthesis are summarized in Table 3.2.
High quality films of EuFeO3 and LaFeO3 were obtained via co-deposition with a minimum pause be-
tween each layer of 5 seconds. For the superlattices, layer-by-layer was attempted to achieve smooth
interfaces, but due to the increased growth time, which means more time at a high temperature, the
superlattices exhibited a strong tendency to intermix, instead of showing the desired superlattice
ordering. Therefore the superlattices were typically also grown in a co-deposition method, with the
minimum time in-between each layer (5 seconds). Optimal substrate temperatures were in the range
of 600-700°C with lower temperatures, with increased inter-diffusion at the higher temperatures and
rougher surfaces and less crystalline films at lower temperatures. Growth pressures were generally
from 1-2 x10−6 Torr using O2. During deposition, especially for the A-site caions (Eu and La), the
chamber background pressure would change when the shutters opened and closed. For example, if
the deposition pressure is 1x10−6 Torr, when the shutters opened for the A-site ion, the pressure
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Figure 3.6: a) A schematic showing the oscillation development in a RHEED pattern, repro-
duced from Sghaier et al.138 b) Example RHEED pattern from a single crystal SrTiO3 substrate.
The blue arrow marks the straight through beam. c) An example RHEED pattern from the end
of a (EuFeO3)1 / (LaFeO3)1 superlattice growth. The blue arrow marks the straight through
beam, and the black and red mark the center specular reflection and the off-center specular
reflection respectively. The spacing between the reflections is inversely proportional to the in-
plane lattice spacings. d) Oscillations from the same (EuFeO3)1/(LaFeO3)1 during the growth,
with a layer-by-layer growth mode. The larger bumps (marked by arrows) are from the end of
the LaFeO3 layer the others from the EuFeO3 layer.
would decrease to ∼7x10−7 Torr.
3.2.1 in-situ Reflected High Energy Electron Diffraction
The MBE system was originally equipped with a reflection high energy electron diffraction (RHEED)
system utilizing an electron gun made by EIKO Japan and then upgraded to a Staib Instruments
RH20S electron gun with both internal and external shielding to help minimize drift. All the
data presented is from the Staib instrument, as the EIKO was too unreliable to produce good
patterns and stopped working in early 2013. In both cases, 15 kV electrons are shot at a glancing
angle (1-2°) towards the substrate during deposition. The electrons are diffracted from the film
towards a phosphorescent screen. A KSA 40 CCD camera (k-Space Associates, Inc.) recorded the
images formed on the phosphorescent RHEED screen. The substrate was manually rotated using the
sample manipulator to align the electron beam along different crystallographic orientations leading
to characteristic diffraction patters. Using the k-Space Associates software, the RHEED patterns
were qualitatively analyzed. RHEED was useful for determining information regarding the crystal
growth mode, chemical and structural properties of the films and superlattices.
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In RHEED, the image is formed from the intersection of the crystal truncation rods and the
Ewald’s sphere, which results in a pattern of high intensity points on a dark background. The
reflected electrons form a pattern consisting of a specular reflection and diffraction pattern, which
indicates the surface symmetry. Broadening of the crystal truncation rods due to the growth of the
film leads to the ”streaky” RHEED pattern. The RHEED pattern then is monitored for changes in
the spacing of the actual pattern (which indicates the in-plane lattice parameter), the streakiness of
the pattern (types of growth) and for intensity changes (related to composition).149;150 For a perfect
system, the intensity of the specular spot is at its maximum when the layer is smoothest, i.e. one
complete layer with no atoms missing from the surface. The intensity minimum is when there is
the roughest surface, which corresponds to 50% layer coverage.138 A schematic of this process of a
RHEED oscillation is shown in Figure 3.6, with examples of RHEED patterns from a substrate, a
film, and oscillations from the growth of a oxide (EuFeO3)1/(LaFeO3)1 superlattice.
In my work, RHEED has been useful for looking at initial film growth development, monitoring
co-deposition superlattice growth, and to help determine the compositions of the grown film. For the
film growth development, it is useful to look at the differences between a film grown by layer-by-layer
deposition (see Figure 3.7) versus one grown in a co-deposition process (see Figure 3.8). In both
these film growths, the characteristic streak pattern with the additional half order peaks does not
fully develop until the start of the fourth deposited layer. In addition there is a three spot pattern
that is related to extra iron that overlays the patterns in the initial layers. These early layers can
help predict composition, can be seen in Figure 3.9 which demonstrates the expected early patterns
for a A-site rich and B-site rich films, as compared to the correct stoichiometric film. In addition
there is a difference in intensities in the specular reflections and the half order reflections between
EuFeO3 and LaFeO3 film, with EuFeO3 showing much more intensity in the half-order reflections
than LaFeO3. This allows one to monitor the film growth with a line profile as shown in Figure 3.10.
Lastly, from the ending RHEED patterns, it is possible to predict the resulting composition as
measured by RBS. An example of such a data bank is shown in Figure 3.11, where RHEED images
for EuFeO3, LaFeO3, and LaMnO3 films are shown. A caveat with this process is that it requires
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Figure 3.7: The development of a RHEED pattern over the first few unit cells of a layer-by-
layer 1/1 (EuFeO3)/(LaFeO3) superlattice growth (the film post growth was measured to be an
alloy film). A well defined RHEED pattern is not seen until the end of the start of the fourth
layer. Up until this point there is both a streaky pattern arising from the growing film and a
dim spot pattern that is related to the iron composition.
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Figure 3.8: The development of a RHEED pattern over the first few unit cells of a co-deposition
([EuFeO3]3 / [LaFeO3]3) superlattice growth. In the STO at start image, it is also possible to
see the Kikuchi lines intersecting the main specular reflection. The half order reflections do not
appear until after the growth of the third EuFeO3 layer, and in the LaFeO3 layers, the half
order lines are also much less prominent. The other prominent feature of early growth is found
in the first EuFeO3 layer when looking at the outermost off-center reflection. This reflection
becomes streaky only after the fourth layer is deposited, which is commonly observed in my
other co-deposited films.
Figure 3.9: Early RHEED images from growths of EuFeO3 at different stoichiometries. For
iron deficient films (a), one sees 3 lobes from near the specular spot, which are highlighted with
arrows. For a stoichiometric film (b) there is weak streaking starting, but the STO pattern
is still viewable. In the case of an iron rich film (c), the outer most streaks are angled and
broadened, and in addition there is additional spots to the film pattern, as is highlighted by the
arrows.
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Figure 3.10: The changes in intensity monitored across all the specular reflections for a
([EuFeO3]3/[LaFeO3]3) superlattice. The green line indicates when the shutters open to start
the growth of the first EuFeO3 layer. After this, the pink lines indicate where the shutters for
LaFeO3 open, and the blue lines where the later layers of EuFeO3. There is a slight difference
in intensity between the main specular spots and the half-order specular spots, with LaFeO3
showing brighter main specular spots (red arrows), and EuFeO3 showing more intensity in the
half-order spots (orange arrows).
a data bank of Rutherford backscattering spectrometry scans (discussed below) and RHEED from
the same films. Also, this is only able to help when the composition is very far off from the wanted
1:1 A:B ratio, as can be seen when looking at differences between the RHEED patterns for the the
LaFeO3 compositions of LaFe0.87O3, La0.97FeO3 and La0.92FeO3. In the case of the off-composition
films here (LaFe0.87O3 and La0.92FeO3) they are both only off by approximately 10%, but the only
indication of this is the “spottiness” in the specular reflections. For compositions that are more than
15% off, it becomes easier to predict the composition based on the actual pattern (see the LaMnO3
series in the bottom row) or based on the spot pattern (see the EuFeO3 series in the top row).
3.3 Atomic Force Microscopy
Atomic Force Microscopy (AFM) was first described by Binnig et al in 1986.152 In this measurement
technique, a long cantilever with an atomically sharp tip is moved across the surface of the sample to
give surface information from tracking the cantilever tip deflection. There are three main methods
of AFM: contact mode, tapping mode or non-contact mode. In contact mode, one keeps the force
between the cantilever and the surface constant, which allows for the tracing of the surface. For
tapping mode, the tip’s resonate frequency is measured, and then the tip is vibrated near this
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Figure 3.12: A schematic of a typical setup of an AFM. A laser is aligned on the back of a
cantilever tip and then reflected into a position sensitive photodiode. The deflection of the tip
then can be measured as it follows the surface, forming an image. Reproduced from Billingsley
et al.151
frequency, this allows for the tip to scan and to tap the surface as the cantilever is moved. Non-
contact mode is very similar, except the tip never comes into contact with the surface, but instead
the shifts from the resonance frequency are measured and correlated to the attractive interactions
between the sample and the tip.153 In most modern systems, the deflection of the cantilever is
measured using a laser reflected off the cantilever and onto a position sensitive photodiode, as can
be seen in Figure 3.12.151 Due to the simplicity of the method, many variations of this technique have
been developed, such conducting atomic force microscopy (C-AFM), piezoresponce force microscopy
(PFM), and magnetic force microscopy (MFM).
Within the functional oxides, there are many ways in which AFM and its related techniques
have been very important to the understanding of these materials. For thin film growth, AFM
is a method that can image the starting substrate surface. One example is from Connell et al in
which the common substrate, SrTiO3 (STO) is measured.
154 By using AFM after different substrate
preparations, they showed that they could get atomically flat and singly terminated STO with
atomic steps. AFM is also one of the first ways the quality of thin film growths are quantified
through observing the surface. Through scanning the surface pre-growth, and then measuring it
post-growth, an idea of the growth method can be found, just through observing the surface. With
statistical methods such as using root mean square (RMS), the value of the surface roughness can
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be obtained.
Aside from basic surface topology, AFM and the similar techniques are very important in the
study of the interesting electrical and magnetic properties displayed by the films. One property of
interest is ferroelectricy, where a material has two or more polarization states in the absence of any
applied field. By applying an electric field, one can switch between these polarization states. PFM is
one of the ways to observe this in a thin film material and has been used to study domains in many
ferroelectric materials.155;156 Here one brings a sharp conducting tip into contact with a ferroelectric
surface and by applying an alternating current bias to the probe tip the deformation of the sample
is caused and deflects the cantilever. These deflections can be seen vertically (VPFM) or laterally
(LPFM).157 This allows for the imaging of ferroelectric domains.158 One can also show switching
of these domains with use of C-AFM in addition to PFM. C-AFM is very similar to PFM, but
instead of measuring with an alternating current, a DC voltage is applied to the tip, and the change
in the current is measured. When using this on the insulating ferroelectric oxides, one can then
apply enough field to switch the polarization in a local area, which can then be viewed by PFM,
or depending on the material, by viewing actual surface height changes with AFM.159 A second
property that has been investigated is ferromagnetic responses, which is when the material has two
or more magnetic orientations in the absence of any applied field. These domains can be imaged
using MFM, through the use of a magnetic tip in tapping mode to scan the surface, and then doing
a second pass where the tip is scanned in non-contact mode. By measuring the deflection of the tip
after knowing the surface structure, these magnetic domains can be mapped. MFM is used to image
the domains, but due to the methods of creating the magnetic tip, the strength of the domains field
is difficult to quantify without use of other methods.160
Overall, AFM and the related techniques are very important in characterizing thin films and in
particular the perovskite oxides. In the future, a combination of MFM, C-AFM, PFM and AFM
will be useful to help explore material systems that are created in order show multiferroic properties.
One such application of these is in information storage, where is hoped to find a material with both
robust ferroelectricity and ferromagnetism. In such a material, the information can be written via a
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change in polarization but stored in a change in the magnetic state, leading to a nonvolatile memory
storage system.161
3.3.1 Single Crystal Substrate Preparation
As discussed previously, film synthesis is a nucleation and growth process, where nucleation can take
place at different locations such as step edges on a substrate or other imperfections on the surface.
In addition, for systems where an atomically abrupt interfaces is desired, such as in superlattice
growth, this can be achieved only when substrates are also flat. Therefore it is important to provide
atomically flat surfaces, both due to the step edges which provide initial nucleation sites for the first
unit cells and to allow for abrupt interfaces. This can be achieved for various substrates with slightly
different processes, all of which require high temperature anneals and possibly a surface etch step.
In my work, I have prepared SrTiO3, DyScO3, GdScO3, as well as LSAT substrates.
For all of the following annealing processes, substrates were loaded into a cleaned 24 inch fused
quartz tube (Technical Glass Products). The quartz tubes were placed in a Lindberg Blue M furnace
(Thermo Scientific). The tubes were cleaned prior to reusing by wadding up large low lint Kimwipes
and stuffing them into the tubes. Isopropyl alcohol was used to wet the Kimwipes which were then
forced through the quartz tube with a stainless steel rod. The quartz tubes were dried using high
pressure nitrogen to blow away any debris. Depending on the substrate, custom gas flow adapters
were attached to the tubes which allowed introduction of different gases. These were fabricated from
304 stainless steel pipe end caps (McMaster Carr, part number 45605K584) with a inside diameter
of 1 14 inch. The end caps were lathed to an inside diameter of 1.375 inches. This properly sized the
end caps for the use of ozone resistant silicone O-rings as gaskets to the outside of the quartz tube.
At least two O-rings (McMaster Carr, part number 9396K289) were used in each adapter. These
rings were capable of withstanding temperatures in excess of 425°C which was sufficient for furnace
temperatures up to 1200°C and gas flow rates of less than three liters per minute using a 24 inch
quartz tube.
For atomically abrupt SrTiO3, the surface preparation process is a four step process, documented
by Connell et al.154 The as-received SrTiO3 substrate is first placed in a furnace and annealed in
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Figure 3.13: a) The as received SrTiO3 substrate from MTI. b) The substrate following the
one hour in air 1000°C anneal. c) The substrate after the second 1000° C anneal. d) The
substrate prior to growth after the final rinse in deionized water for 30 seconds. These images
all came from the same 10mm by 10mm SrTiO3 substrate that was broken into 4 pieces, one of
which was used for each step.
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Figure 3.14: a) The schematic for the LSAT prep setup. A LaAlO3 substrate is suspended
polished side down over a LSAT substrate, using sapphire support rails. Adapted from J. Ngai
et al.162 b) A piece of MTI LSAT after going through the surface preparation procedure.
air for one hour at 1000°C. Then the substrate is rinsed in deionized water for 30 seconds. The
substrate is then annealed a second time in air for one hour at 1000°C, then just prior to growth the
substrate is rinsed a final time in deionized water for 30 seconds. Figure 3.13 shows AFM images of
a SrTiO3 substrate at different stages during this process.
For atomically abrupt LSAT, the surface preparation is a one step process, documented by J.
Ngai et al.162 This process was the most difficult to set up properly, due to the geometry of the
anneal as shown in Figure 3.14a. Here, the LSAT substrate to be prepared is placed under a LaAlO3
substrate that is supported by sapphire rails, which creates a small gap above the LSAT surface.
The LaAlO3 substrate is used to increase the vapor pressure of La during the anneal. The substrate
is then annealed at the maximum temperature reached by the furnace, 1200°C. This method was
successful as can be seen in Figure 3.14b but since LSAT was not a typical substrate used for all
growths, only performed for select substrates.
For DyScO3 and GdScO3, a slightly modified version of the process documented by J. Kleibeuker
et al was used.163 In particular, as-received scandate substrates were placed in a furnace and annealed
at 1000°C for four hours in flowing O2 gas. Substrates were then found to have steps of one unit cell
height, and the etch process in 12 molar NaOHDI water described by J. Kleibeuker et al was not used.
An example of a DyScO3 (110) substrate as-received and after the anneal can be seen in Figure 3.15,
along with a step height profile showing step heights of 0.4nm, which is approximately the size of one
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Figure 3.15: a) AFM from a DyScO3 (110) substrate as received from MTI. b) AFM on
the same DyScO3 (110) substrate after the annealing process. c) A 2µm AFM scan with the
line marking where the step height profile shown in d) was measured. The step heights are
approximately 0.4nm each, which is close to the expected step-height of 3.943 A˚.
Figure 3.16: a) A prepared DyScO3 (001) substrates b) A (EuFeO3)/(LaFeO3) superlattice
that was grown using layer-by-layer deposition on the prepared piece of DyScO3.
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DyScO3 psuedo-unit cell at 3.9431 A˚. Subsequent films grown on the prepped substrates then showed
the same step profile, as can be seen in Figure 3.16, which shows a DyScO3 (001) substrates after
the annealing process and the (EuFeO3)/(LaFeO3) superlattice that was grown using layer-by-layer
deposition. This is the same film from the RHEED shown in Figure 3.7.
3.4 Spectroscopic Ellipsometry
Spectroscopic ellipsometry is a useful optical technique for probing the electronic band structure
of various materials, especially semiconductors whose optical properties are closely related to the
system’s band structure. Ellipsometry measures the change of polarization of light when it reflects
from a surface and through modeling, information about properties such as the film thickness,
refractive index, composition and surface roughness can be extracted. Ellipsometry is very useful
for systems with low roughness and uniform layers. In addition, it is helpful if the film of interest is
on the top of the film stack, and if working with very thin films (<50nm), that either the thickness or
the index of refraction, n, is known. The name of the technique,“ellipsometry” is a reference to what
is actually being measured, elliptically polarized light, therefore a short review of the interactions of
light with matter will be explained to understand what ellipsometry measures. Good descriptions
of the techniques can be found in the work of Tompkins 164 .
Light is an electromagnetic transverse wave that consists of both an electric field and a mag-
netic field vector. If one only considers the electric vector component, the wave can be written
mathematically as follows:
A = A0 sin
(
−2pi
λ
(x− vt) + ξ
)
, (3.9)
where A is the electric field strength of the wave at some given time, A0 is the maximum field
strength or amplitude of the wave, x is the distance along the direction of travel, t is time, λ is the
wavelength, and ξ is an arbitrary phase angle. The intensity of the light, I, is the amount of energy
per second that flows across a unit of area and this is given by
I =
cA2
8pi
, (3.10)
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where c is the speed of light. When this light interacts with a new medium, say going from air to
a surface, the light can interact with the surface by being reflected or refracted. When considering
refraction, there are two parts, a real part, n, and an imaginary part, K, and this leads to the
complex index of refraction N˜ as follows,
N˜ = n− iK. (3.11)
The real term, n, is also known as the ”index of refraction”, and k is the extinction coefficient. The
term n is related to the change of the speed of light in a new medium, or n = c/v. To define K,
it is useful to consider the idea of an absorption coefficient, α. The absorption in a medium is the
decrease in the intensity I per unit length z, or mathematically,
dI
dz
= −αI(z), (3.12)
where α is the absorption coefficient. Integrating this gives
I(z) = I0e
−αz, (3.13)
where I0 is the intensity at the surface of the absorbing medium. The extinction coefficient, K, is
then defined as
K =
λ
4pi
α. (3.14)
Ellipsometry invariable involves the reflection (and refraction) of light from a surface. When light
reaches a surface, some of the light is reflected according to the law of reflection, namely
φi = φr, (3.15)
where φ is the angle of incidence. The light that enters the surface does not continue the same
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Figure 3.17: Reflection of a light beam from a surface. The plane of incidence (shaded gray
plane) is the plane that contains both the incident light and the reflected light, as well as the
surface normal.
direction, but refracts according to “Snell’s law”, given for materials in general by
N˜1 sinφ1 = N˜2 sinφ2. (3.16)
When K = 0, such as is the case for dielectrics, then the equation simplifies to
n1 sinφ1 = n2 sinφ2. (3.17)
In real systems, the real and imaginary parts of the index of refraction are not simple constants,
but are themselves functions of wavelength. This leads to the idea of dispersion, which can be
approximated by the following equations,
n(λ) = n1 +
n2
λ2
+
n3
λ4
,
K(λ) = K1 +
K2
λ2
+
K3
λ4
,
(3.18)
where the n1, n2, n3 and K1, K2, K3 are the “Cauchy coefficients” and “Cauchy extinction co-
efficients” respectively. In addition, the real and imaginary parts of the index of refraction are
also functions of temperature, so while small temperature variations are negligible, this should be
considered when doing temperature-dependent measurements.
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Light also has the property of polarization, which is related to the orientations of the electric field.
In unpolarized light, this is when the light has components of the electric field oriented in all possible
directions perpendicular to the direction of travel. Polarized light then is when the light is oriented in
particular ways, linear polarized light being when the light is a plane wave where the light is oriented
in one direction, and elliptically (circularly) polarized light being when the light is is composed of
two plane waves of equal amplitude but differing in phase by some angle (90° for circularly polarized
light). Light polarization can change by going through a polarizer or from interacting with a surface.
When describing light reflecting from surfaces and the resulting polarization thereafter, it is useful
to define nomenclature to refer to the resulting polarization directions, such as plane of incidence,
“s waves” and “p waves”. The plane of incidence is the plane that contains the light beam prior to
and after the reflections, as can be seen in 3.17. A wave that is polarized perpendicular to the plane
of incidence is considered a “s wave”, whereas a light wave that is polarized in the plane of incidence
is a “p wave.” Now suppose there is a light reflecting at a surface between two mediums, where you
have complex index of refraction for each surface, N˜1 and N˜2. Just considering the reflected light,
the Fresnel reflection coefficient, r, is the ratio between the amplitude of the reflected wave to the
amplitude to the incident wave for a single interference. This is given by
rp12 =
N˜2 sinφ1 − N˜1 sinφ2
N˜2 sinφ1 + N˜1 sinφ2
,
rs12 =
N˜1 sinφ1 − N˜2 sinφ2
N˜1 sinφ1 + N˜2 sinφ2
,
(3.19)
where the superscript “s” or “p” refers to the wave’s polarization relative to the plane of incidence
as described above, and subscripts 1 and 2 refer to the medium considered. It is useful to define the
reflectance, R, as the ratio of the reflected intensity to the incident intensity. Therefore at a single
interface, this is
Rp = |rp|2,
Rs = |rs|2.
(3.20)
A unique angle to consider here for dielectrics (i.e. K=0) is the Brewster’s angle (or the polarization
angle). This is an angle of incidence at which light with a particular polarization is perfectly
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transmitted through a transparent dielectric surface with no reflection. When unpolarized light is
incident at this angle, the light that is reflected from the surface is therefore perfectly polarized, and
polarized perpendicular to the plane of incidence. For a specific angle, φ1, this is
tanφ1 =
n2
n1
. (3.21)
Brewster’s angle is how polarized sunglasses help remove glare from roadways and water surfaces,
since most of the reflected light shows polarization perpendicular to the plane of incidence, and the
sunglasses are polarizers, removing this component of the light.
For multiple surfaces, such as a film on a substrate, the resultant reflected wave amplitude is
more complicated,
Rp =
rp12 + r
p
23 exp(−i2β)
1 + rp12 + r
p
23 exp(−i2β)
,
Rs =
rs12 + r
s
23 exp(−i2β)
1 + rs12 + r
s
23 exp(−i2β)
,
(3.22)
where the subscrips relate to which mediums are interacting, so air (1) to film (2) and film (2) to
substrate(3). The β term relates to the film thickness and is defined as
β = 2pi
(
d
λ
)
N˜ cosφ2, (3.23)
where d is the film thickness. As d approaches 0, Equations 3.22 then simplifies to Equations 3.19.
Now the reflectance, R, can be defined as
Rp = |Rp|2,
Rs = |Rs|2.
(3.24)
It is now possible to define two parameters measured by ellipsometry, ∆, Ψ. The parameter ∆ is
defined as
∆ = δ1 − δ2, (3.25)
where δ1 is the phase difference between the parallel component and the perpendicular component
Chapter 3: Experimental Techniques 3.4 Spectroscopic Ellipsometry
57
of the incoming wave, and δ2 is the phase difference between the parallel component and the per-
pendicular component of the outgoing wave. Therefore ∆ is the phase difference that occurs upon
reflection. The amplitude can also change upon reflection. We can define Ψ as follows,
tan Ψ =
|Rp|
|Rs| , (3.26)
where Rp and Rs were defined for a film in Equation 3.22. In an ellipsometry measurement the two
terms ∆ and Ψ, are related by the term ρ, which a complex ratio of the total reflection coefficients
as follows,
ρ =
Rp
Rs
. (3.27)
The fundamental equation of ellipsometry is then
ρ = tan Ψei∆ =
|Rp|
|Rs| , (3.28)
and the terms ∆ and Ψ are what is measured by the ellipsometer. Information about film thickness,
n, and K are now contained in the information measured by the ellipsometer and can be extracted
through modeling of the system with the accuracy of these terms dependent upon the model not
the measured ∆ and Ψ.
A J. A. Woolam M-2000U variable angle spectroscopic ellipsometry (VASE) was used in the
measurements in this work. Because ellipsometry measures a ratio of two parameters simultaneously
the data is highly reproducible and self-normalized (see Equation 3.28), limiting the effects of light
scattering and sample misalignment. VASE also avoids complications imparted by the substrate
absorption edge, above which normal photon transmission experiments cannot be measured due to
overwhelming substrate absorption. Prior to film growth all substrates were measured with the
VASE system to allow for modeling of the substrates, and the films where then measured post
growth. After measurement of the sample’s ∆ and Ψ, the sample thickness was measured and used
to fit the measured VASE data. The WVASE software was used to extract the index of refraction
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(n) and the extinction coefficient (K). Optical absorption was then calculated using Equation 3.14
and solving for α. To extract band gaps, a Tauc model was applied to the absorption edges of the
extracted optical absorption.
For Tauc modeling, the optical absorption follows the form
α(E) ∝ (~ω − EG)m, (3.29)
where α(E) is the optical absorption at some energy E, ~ is the reduced Planck constant, EG is the
band gap in the system, and m is either 1/2, 3/2, 2 or 3, depending on the type of band gap in the
system.165;166 When m is 1/2, this corresponds to when a system with an allowed direct transition,
which is when the valence band maximum and the conduction band minimum are characterized
by the same crystal momentum (k-vector) at the band gap. This allows for momentum conserving
transitions between the two bands, and photons can be emitted from this transition. If the k-
vector is different this is now an “indirect band gap” semiconductor, and photons cannot be emitted
because the electron must pass through an intermediate state and transfer momentum to the crystal
lattice. The m for an allowed “indirect band gap” would be 2. A forbidden transition is when
the valence band maximum and the conduction band exist but the transitions between the these
levels are forbidden due to the selection rules (i.e. if both the valence band maximum and the
conduction band minimum are from the p electron states states, this transition would be forbidden).
A forbidden direct band gap would have a m value of 3/2, and a forbidden indirect band gap would
have m as 3. These forbidden transitions can still occur through other mechanisms, such as through
magnetic interactions.167 After plotting the value of (α ∗E)1/m against photon energy, there should
be a linear reagin at the optical absorption edge which then can be fit to a line and traced to the
abscissa to determine the band gap. For oxides this is slightly more complicated, as explored by M.
Scafetta et al in the LaFeO3 system, where it was suggested that the measured ellipsometry data can
be coupled with DFT calculated optical spectra to determine the nature of optical transitions.127
In the case of EuFeO3, the band structure should be similar enough to that of LaFeO3 that the
suggested transitions for the absorption edge and the higher excitations should serve as a guide for
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Figure 3.18: A schematic of Rutherford backscattering, showing the incoming 4He+ ion beam
interacting with the sample and how the interaction with larger ions (in this case MB) leads to
a larger energy value. Also the effect of a film layer can be seen, where MB is depicted as a film
on a bulk MA sample, leading the EA to be a broad region and the EB to be a narrow peak.
Reproduced from J. Perrie´re.168
EuFeO3.
3.5 Rutherford Backscattering
Rutherford Backscattering Spectrometry (RBS) is a technique that is useful to measure the relative
composition of elements in a material. In particular, it is useful for thin films with a depth resolution
of 100-300 A˚.168 This technique employs of the principle of Rutherford backscattering of charged
particles, typically 4He+ ions. These ions are aligned upon a target sample and interact with the
sample, with some of the ions being elastically scattered by the surface, while others interact with
the target and lose some energy and backscatter, as can be seen in Figure 3.18. The backscattered
electrons are analyzed using a silicon detector, where the electron collisions with the detector cause
electron-hole recombinations in the doped silicon detector, and the amount of recombinations are
measured and correlated to specific amounts of a given element within the target sample. The energy
at which the 4He+ ions backscatter is correlated to the relative charge of the nuclei of elements within
the sample, where heavier atoms scatter helium particles with less momentum transfer leading to
higher kinetic energy of the backscattered helium ions. Large nuclear size and greater concentration
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Figure 3.19: a) A RBS scan from a Eu0.73Fe1O3 sample along with the simulated SIMNRA
curve (red) b) The sample sample in a, zoomed in for a better view of the Fe peak near channel
1150 and the Eu peak around channel 1350 c) The
∑
χ2 graph for the Eu content in this film,
and the Fe content is shown in d). For both, the gray horizontal lines mark the minimum
and the 105% minimum values, and the vertical lines help guide the eye for the compositional
error range. For Eu there is a smaller relative compositional error (1.78%) than is found for Fe
(4.54%).
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leads to a higher probability of scattering and thus more intense features. The width of the peaks
and shoulders is related to the layer thickness. Figure 3.19a shows an example RBS spectrum, where
the “channel” corresponds to the energy. The spectrum may seem complex with a series of peaks,
step features, and flat or gradually increasing regions, but the sharp peaks arise from the elements
in the film on top, while the broad step features result from elements contained in the substrate.
In this case, the Eu elemental response can be seen around channel 1350 and the Fe can be seen at
channel 1150, and the large background arises from the SrTiO3 substrate. For the work shown in
this dissertation, the samples were measured at either Rutgers University by Boris Yakshinskiy and
Ryan Thorpe or at Lawrence Berkeley National Laboratory by Liv Dedon.
The program SIMNRA was utilized to fit RBS data.169 This program simulates RBS data based
on user-inputted instrument and film parameters. Initially the film was fit with estimated materials
parameters, and the instrument values that changed each run would be fit to the data set. These
values consist of calibration offset, energy per channel, and “particles * sr.” These worked to
uniformly shift the simulated data along the channel axis, stretch or compress data along the channel
axis as a function of channel, and increase or decrease the total simulated counts of the spectrum,
respectively. The sample input parameters are thickness, roughness, and relative concentration with
the possibility of adding several layers. Films on either MgO or SrTiO3 were used, with films on
SrTiO3 being most commonly fit. After the initial “by eye” fit of the data where the simulation was
brought close to that of the measure data, and setting the calibration offset, energy per channel, the
parameter “particles * sr” would first be fit since it can shift the entire data set vertically. The fitting
involved simulating the data with different values of “particles * sr” and then finding the square of
the difference between the measured and simulated data (χ2) for a region of background, typically
around channel 600-1000. By plotting these χ2 as a function of input “particles * sr,” a parabola
shaped plot would arise, where the minimum of this parabola was then used as the “particles * sr”
value. After setting this value, the heaviest element would next be fit, in this case Eu. The same
process was followed, where the data was simulated with different values of Eu concentration and
then finding the χ2 value of the data set for channels from 1310 to 1410. An example parabola for a
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Eu0.73Fe1O3 data can be seen in Figure 3.19c. The compositional error was then set to be the values
found at 5% above the minimum value, which is marked by the gray horizontal lines. For this fit,
this results in a 1.79% compositional error on the Eu composition. Lastly this process was applied
to Fe, usually using values from channels 1120 to 1170. Fe typically has a larger error, as can be
seen in Figure 3.19d with a compositional error range of 4.54%. This is the result of the smaller ion
of Fe (so smaller Z value) as well as the large strontium background under this peak.
3.6 X-ray Diffraction
X-ray diffraction is an experimental technique that has been of great importance in revealing the
structure of crystals. When x-rays interact with a surface, some are elastically scattered, only
changing direction, not momentum. These scattered x-rays are what is measured in diffraction
experiments. When atoms (or any other scattering centers) are arranged in a periodic fashion,
this results in the sharp peaks which display the same symmetry as the atoms. These peaks can be
directly related to the spacing of the periodic order, through Braggs law which follows the expression:
nλ = 2dhkl sin θ (3.30)
where n is the order of the reflection, λ is the wavelength, dhkl is the lattice plane spacing and θ
is the angle of incidence to the planes. By illuminating samples with monochromatic x-rays and
collecting the resulting diffraction pattern this allows for structural information to be obtained for
a material. Diffraction is typically collected in a 2θ angle range of 20 to 80°.
A different structural technique is x-ray reflectivity (XRR) which is measured at much lower 2θ
angles (0-8°). X-ray reflectivity is useful for probing layer thickness on a length scale from nm to µm,
material density and the surface roughness. XRR probes the laterally averaged electron density of a
system, so the higher the electron density, the higher the critical angle and the more intensity that
is reflected at higher angles.170 In the case of roughness, the roughness dramatically decreases the
reflected intensity and causes diffuse scattering. If the surface measured is a layered structure, this
cases fringes to arise, with thinner films causing larger wavelength fringes and thicker films causing
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Figure 3.20: Examples of XRR curves. a) The change in reflectivity when going from gold
to silver to copper demonstrates the effect of changing the electron density on the reflectivity
of a surface. b) The effects of surface roughness, which is input as “sigma” in GenX. This
demonstrates that as roughness is increased the reflectivity is decreased at the higher 2θ°angles.
The unit for the value of “sigma” is A˚. c) Adding a film then creates fringes, which vary with
thickness, here demonstrated with modeled 20 and 30 nm EuFeO3 films on a SrTiO3 substrate
(both roughness are set to 5 A˚). d) The film roughness can also greatly effect the shape of the
curve, as shown for two different modeled 30nm EuFeO3 films on a SrTiO3 substrate, one with
0 A˚ (sigma) film roughness and one with 10 A˚ film roughness. e) The composition of the film
(i.e. the electron densities) can also change the fringe shape, as is demonstrated for a modeled
30nm EuFeO3 film on a SrTiO3 substrate and a 30nm LaAlO3 film on a SrTiO3 substrate. f)
Measured XRR data for a EuFeO3 film on a SrTiO3 substrate. Here the film was found to be
14.7 nm thick with film roughness of 7 A˚ and a substrate roughness of 5 A˚.
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narrower fringes. The distance between the maxima of these fringes is related to the thickness as
follows:
∆qz ≈ 2pi
d
(3.31)
where ∆qz is the distance between the peaks in momentum transfer (q) and d the layer thickness.
Momentum transfer is defined by the following equation,
q =
4pi sin θ
λ
. (3.32)
The peak-to-valley change in intensity or amplitude of the fringes is determined by the difference
in scattering length density between the film and substrate, as well as a slight influence from the
roughness. A series of modeled XRR curves are shown in Figure 3.20, which help illustrate the
effects that density, roughness, and thickness have on the measured XRR curves.
Both XRD and XRR were used extensively to determine the lattice parameter, crystallinity, co-
herence length, strain, thickness and roughness of epitaxial complex oxide thin film and superlattices
used in this dissertation. Most data was collected using a four circle Rigaku SmartLab diffractometer
located within the Centralized Research Facilities at Drexel University. This system was equipped
with a copper source and was mostly used in parallel beam geometry with a Rigaku 2-bounce Ge
(220) monochromator. In addition diffraction patterns were collected using the synchrotron gener-
ated x-rays at Sector 33-BM of the Advanced Photon Source at Argonne National Lab using x-rays
with an incident wavelength of 0.8 A˚and a four circle diffraction set up. For the Rigaku system, the
x-ray source was operated with an accelerating voltage of 44 keV at 40 mA operating current. The
optics were aligned with the parallel beam 2-bounce Ge (220) automatic optics alignment procedure
within the Rigaku SmartLab Guidance XRD operating program. After alignment, slits in the path
of the x-ray beam, one set before the sample and two after, were adjusted to provide a good signal
and resolution for general use. The incident slit before the sample and the first receiving slit after
the sample were set to 0.1 degrees, and the second receiving slit after the sample was set to at least
2 mm. Samples were then aligned manually to the incident beam.
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GenX software171 was used to analyze the collected substrate and film diffraction data to find
the out-of-plane lattice parameter. XRR data was also analyzed using the GenX software package
to extract the layer thickness and roughness. In addition, rocking curves, which is where only the
incoming angle was rocked allowed for measurement of the width of the peak, were measured for
both the substrate and film. From the 2θ − ω scans, it was possible to find the full width half
maximum (FWHM) of the film to calculate coherence length, τ , of the film. This was done using
the Scherrer equation,
τ =
Kλ
β cos θ
(3.33)
where K is a geometrical factor (0.94), λ is the wavelength, β is the FWHM of the peak in radians,
and θ is the center of the peak in degrees.172 The coherence length relates to the length scale for
which the diffraction condition was met, or in other words how periodic the layer in question is. If
there are two films with equal thickness, but different FWHM, the narrower peaks (smaller FWHM)
then denote a higher degree of order through the layer. If a film’s coherence length was similar
to the film’s thickness, then the film was said to be coherent, and then the majority of the film
demonstrates one crystallographic orientation along the crystallographic direction measured by the
diffraction peak. If the coherence length was less than the thickness of the film then the material
may be relaxed, defective, or polycrystalline.
3.7 Other Techniques
3.7.1 X-ray Absorption Spectroscopy
X-ray absorption spectroscopy (XAS) is a very useful technique typically measured with synchrotron
radiation sources, which provide intense and tunable X-ray beams. X-ray absorption spectra are
very closely related to the unoccupied density of states for a material, allowing the local electronic
structure to be derived from a given element to be studied. Detailed information can be obtained
from systems without long range order, allowing samples to be in the gas-phase, solution, or solid
from. The idea behind XAS is if a group of atoms is exposed to X-rays, the system will absorb the
photons, and at certain energies, there is a sharp rise in absorption of these incoming photons. This
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sharp rise is called the absorption edge. This edge is related to the binding energy of core levels in
the atoms, so this edge identifies a transition from a core level ground to the lowest empty state.
This edge is also elementally specific and allows for identification of the valency as well. The XAS
presented in this dissertation was measured at Argonne National Laboratory, using Sector 4-ID-C
of the Advanced Photon Source.
3.7.2 Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) is a technique in which a beam of electrons is transmitted
through a very thin specimen. These electrons interact with the specimen as they go through the
sample, elastically and inelasticity scattering. An image is formed from the interaction of these
electrons, which is then focused onto a imaging screen such as a fluorescent screen or a direct
detector. Within TEM, there are many sub-techniques such as STEM, HAADF, and EELS. STEM,
which is scanning transmission electron microscopy, is very similar to conventional TEM, except
the electron beam is focused in to a fine spot and then rastered across the sample. HAADF (high
angle annular dark field) is a specific imaging mode of STEM,where images are formed by scattered
electrons outside of the main beam path. With use of a high angle annular dark field detector,
this allows the collection of the HAADF image, where the contrast in the image comes from the
difference in the atomic number (Z-contrast). Finally EELS is electron energy loss spectroscopy. In
this technique, the sample is exposed to electrons with a known range of kinetic energies. EELS
measures the electrons that interact with the sample inelastically, which means that they lose energy
to the sample. This energy loss can be related to a number of things, one of which is related to
the core levels of the atoms. EELS then can be used to look at the composition of the sample, and
extract similar information to that of a XAS measurement. The TEM presented in this dissertation
was measured either by Robert Colby at Pacific Northwest National Laboratory or by Saurabh
Ghosh and Albina Borisevich at Oak Ridge National Laboratory.
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Figure 3.21: EDS scans from a La2O3 film on MgO (a) and a SrTiO3 substrate. On the MgO,
all the La peaks are clearly seen, but on the SrTiO3, the Ti peak overlaps the La peak. For a
film with other elements (such as a EuFeO3 film), this would prevent quantification of the La
composition.
3.7.3 Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique for the elemental analysis or
chemical characterization of a sample. This uses a beam of charged particles to stimulate emission of
characteristic x-rays from a sample. This can be found in TEMs and scanning electron microscopes
(SEM). In a SEM, a beam of electrons is focused onto a sample. This beam may then excite an
electron in the sample from a inner shell to an empty outer shell. An outer electron then decays
back to the inner shell, which emits a characteristic x-ray which is elementally specific, allowing the
composition of the specimen to be measured.
EuFeO3, LaFeO3, La2O3, and Eu2O3 films were measured on a Environmental Scanning Elec-
tron Microscope (FEI XL30) located in the Centralized Research Facilities at Drexel University by
Matthew Hartshorne, Jasmine George and Shang-Hao Huang to investigate the potential of EDS to
measure compositions in oxide thin films. Two example measurements are shown in Figure 3.21 for
a La2O3 film on MgO (a) or on SrTiO3. The peaks are labeled with the likely elemental sources.
Right away it is clear one issue with EDS is peak overlap, as can be seen looking at the La peaks.
On MgO, all 4 peaks can be seen for La, whereas on SrTiO3 only 3 peaks are seen with the Ti peak
overlapping the strongest La peak. This is an issue due to the fact that the composition is calculated
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Table 3.3: Three EuFeO3 films on MgO substrates, looking at the effect of the incident electron
beam voltage at 70° sample tilt. All EDS scans were allowed to run for at least 100 live seconds.
Sample Name RBS Composition 10kV Composition 20kV Composition 30kV Composition
AC12 Eu0.73Fe1O3 Eu1Fe0.83O3 Eu0.85Fe1O3 Eu0.74Fe1O3
AC66 Eu0.98Fe1O3 Eu1Fe0.77O3 Eu0.88Fe1O3 Eu0.82Fe1O3
AC67 Eu1Fe0.89O3 Eu1Fe0.55O3 Eu1Fe0.82O3 Eu1Fe0.92O3
Figure 3.22: a) A schematic of a second harmonic generation optical measurement in trans-
mission mode. b) The axes that are important to consider when doing a SHG measurement.
Both are images adapted from the work of S. Denev et al.173
from the initial La peak. Therefore samples need to be grown on MgO substrates to remove the
overlap potential of the Ti peak. To look at the composition measured by EDS, a series of three
EuFeO3 films on MgO with known compositions from RBS were run. It was found that the best
signal from the film was found when the sample was tilted to 70° to decrease the penetration depth
of the electrons in order to increase the signal from the film. In addition, the energy of the electrons
was varied to try and find the optimal conditions to measure composition. The data is summarized
in the Table 3.3, and the ratio of the calculated atomic percent values for Eu and Fe were used
to calculate composition. Overall, while composition can be found from the film, there are many
limitations to this technique, when applied to films.
3.7.4 Second Harmonic Generation
Second harmonic generation (SHG) is a non-linear optical measurement, which is very sensitive to
broken inversion symmetry. SHG works on the principal of where the sample takes in two photons
at frequency ω and then converts them to one photon at frequency 2ω. This is different than the
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process of scattering light, in that a linear scattering process does not change the frequency (color)
of light. SHG is only possible in non-centrosymmetric systems. This means that it is sensitive to
polar systems such as those that are piezoelectric or ferroelectric, systems where there is broken
symmetries at an interface and it can also provide some magnetic information for a system.173 A
typical sample setup is shown in Figure 3.22a, showing the samples aligned with the lab axes, and
the typical setup of a filter, analyzer and detector set up used to measure sample. When placing
the sample for measurement, there are a variety of axes that are important to consider as are shown
in Figure 3.22b, the lab axes, the sample orientation relative to the lab axes, and then the different
domain structure crystallographic orientation relative to the sample axes. The crystallographic axes
are important since the measured signal is related to these through Neumanns principle. Neumanns
principal states that the symmetry of a macroscopic property of a material must at least possess
the symmetry of the point group of that material.174 This relationship allows for determination
of structure from the collected data after analysis. The SHG measured in this dissertation was
performed at Penn State University by Yakun Yuan and Yoonsang Park who are both part of
Venkat Gopalan’s research group.
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Chapter 4: EuFeO3 Thin Film Growth and Characterization
This chapter describes the synthesis and characterization of epitaxial EuFeO3 thin films. This work
resulted in a paper published in Crystal Growth and Design in January 2015175 and main findings
are summarized below.
4.1 Sample Descriptions
Thin films of EuFeO3 were grown on single crystal MgO, (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), and
SrTiO3 (001) (MTI Corp.) substrates via MBE deposition. Temperatures from 500-700°C were
used, with 600°C found to yield the highest quality films as investigated by XRD diffraction. Films
were grown in a chamber pressure of ∼ 1.0 × 10−6 Torr O2/O3 (∼5% O3), approximately 3 orders
of magnitude higher than the base pressure. The cation fluxes were monitored pre- and post-growth
with a quartz crystal monitor. The calibration of the fluxes was done using Rutherford backscattering
spectroscopy and x-ray reflectivity. A 15 second pause between the evaporation of the metal ions
was used, giving deposition times of 35-45 seconds per unit cell (u.c.). Thickness up to 100 unit
cells was achieved, but characterization studies focused on films 40-60 unit cells in thickness (∼14-23
nm). A summary of the sample names used is provided in Appendix A.
4.2 Structural Results
Figure 4.1 shows the x-ray diffraction results for the EuFeO3 thin films. Bulk EuFeO3 has an
orthorhombic crystal structure with a = 5.371 A˚, b = 5.589 A˚, c = 7.681 A˚,176 corresponding to
an average pseudocubic lattice parameter of 3.869 A˚. The c-lattice parameter on STO was found
to be 3.837 ±0.010 A˚ averaged on 10 films with the c-lattice parameter extracted from GenX
simulations.171 The observed decrease from the pseudocubic lattice parameter is consistent with a
0.9% tensile strain state induced by the SrTiO3 (STO, a = 3.905 A˚) substrate. Figure 4.1a shows
the (001) scan of a 38 u.c. film on STO with an example GenX fit, corresponding to a c-lattice
parameter of 3.841 A˚. In addition, EuFeO3 films on LSAT were also measured. Films grown on
71
Figure 4.1: XRD studies of EuFeO3 thin films. The (001) diffraction peak of EuFeO3 on STO
a) and LSAT b), with a corresponding GenX fit shown in red. c) 2θ − θ scan from 15 to 60°
showing the absence of any second phases. d) The substrate (top) and film (bottom) omega
scans about the (001) are shown. The FWHM of the substrate is 0.022°, while for the film it
is 0.046°. The RSMs about the (113) peak were measured from a EuFeO3 film on STO e) and
on LSAT f); the in-plane lattice parameters of the films match that of the substrates. Image
reproduced from A. Choquette et al.175
LSAT are lattice matched to that of LSAT (3.868 A˚), resulting in < 0.1% tensile strain. In Figure
4.1b, diffraction data from a 38 u.c. film on LSAT is shown with corresponding GenX fit. The
corresponding c-axis parameter is 3.864 A˚. Phase purity of the films was checked with long 2θ − θ
scans from 15 − 60°, shown in Figure 4.1c. The STO (00L) and the lower intensity EuFeO3 (00L)
peaks are clearly seen, with no evidence of secondary phases. The films exhibit minimal mosaicity, as
seen from Figure 4.1d which shows the full width at half maximum (FWHM) obtained from ω scans
from the SrTiO3 substrate (top) and film (bottom). On average, the FWHM was 0.021 ±0.005° for
the SrTiO3 substrates, and 0.043 ±0.022° for the films. To investigate the strain and measure the
in-plane lattice parameters, reciprocal space maps about the (113) peaks were measured for 38 u.c.
films on STO (Figure 4.1e) and on LSAT (Figure 4.1f). Both films are fully strained and coherent
with the substrate. The in-plane lattice parameters of the films match that of the substrates, and the
out-of-plane parameter appears as expected from the (001) diffraction peak locations. No indication
of lattice relaxations or diffuse scattering due to non-coherency with the substrate is seen.
For surface quality and thickness measurements, X-ray reflectivity (XRR) was performed. The
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Figure 4.2: Example thickness and composition measurements from EuFeO3 films on SrTiO3.
a) Measured x-ray reflectivity data with a simulated fit (red line) for a ∼70 u.c. (27.1 nm)
EuFeO3 film on SrTiO3. The top right inset shows the scattering length density depth profile
obtained from the XRR fit. The bottom left inset shows a typical RHEED pattern from the
end of film growth. b) Measured and simulated (red line) RBS spectra. The composition from
this fit was EuFe0.97O3. c) The XRR data from the EuFeO3 film shown in Figure 4.1a. The
thickness here was found to be 14.52 nm. d) Measured and simulated (red line) RBS spectra
from the same film as shown in Figure 4.1a. The composition was found to be Eu0.97FeO3 and
the thickness from the RBS fit was found to be 13.7 nm. Panels a) and b) of this image are
reproduced from the work of A. Choquette et al.175
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fringes that arise in XRR are from scattering length density contrast between the film and substrate.
These are very sensitive to thickness, allowing for the determination of the film thickness to within
a few angstroms. Figure 4.2a shows a reflectivity curve from a 70 u.c. (27.1 nm) film on SrTiO3
film with a fit obtained using the GenX software package.171The scattering length density (SLD)
depth profile obtained from the fit is shown in the top inset of Figure 4.2a, which demonstrates that
the transition between the STO and the EuFeO3 is relatively abrupt. This fit produces an SLD of
4.64x10−5A˚−2 for EuFeO3 layer which is slightly lower than the theoretical value of 5.02x10−5A˚−2.
In addition, the surface roughness, which is defined as the root-mean-square roughness, for this film
was found to be 6.1 A˚. A qualitative measure of surface quality can be seen in the RHEED pattern
obtained following film growth. Shown in the inset of Figure 4.2a, the RHEED pattern is typical of
smooth perovskite (001) surfaces.
The cation stoichiometries of the films were measured with RBS due to the high tolerance of
perovskites to off-stoichiometry and the difficulty of exactly matching atomic fluxes in MBE growth
of oxides. In Figure 4.2b, a representative RBS data set obtained from a film on STO with a
corresponding SIMNRA simulation is shown. The composition of each cation was quantified by
minimizing the summation of the difference squared (χ2) between the simulated and measured
counts at each channel for the Eu and Fe peaks.177 For a representative film shown in Figure 4.2b,
the processed fitting yielded a Eu:Fe ratio of 1:0.97. The compositional errors associated with the
fits are 0.9 and 3.0% for Eu and Fe, respectively. Here the error is defined as the compositional
range that yields
(χ2−χ2min
χ2min
)
values from -0.05 to 0.05.178 Thus, the cation composition of the film is
stoichiometric within the uncertainty of the RBS measurement. Additionally, since thickness can be
extracted from both the XRD and the RBS fits, these thickness values were compared for the film.
Using a EuFeO3 film on STO, the thickness obtained from XRD, XRR, and RBS were all extracted
from GenX fitting (for the XRD and XRR) and from SIMNRA fitting (for RBS). The XRD is shown
in Figure 4.1a and the XRR and RBS data from this same film is shown in Figure 4.2c and d along
with the corresponding fits. The thickness were found to be 14.9 nm, 14.5 nm, and 13.7 nm for the
XRD, XRR and RBS respectively, all which are within 9% of each other.
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Figure 4.3: 300 kV HAADF-STEM images of the cross section of a 58 u.c. EuFeO3 film on
SrTiO3. (a) A low magnification image shows the interface between the STO and the EuFeO3.
(b) A tilt of 1-2° away from the STO [001] in the growth direction is observed between the film
and the substrate. Image reproduced from A. Choquette et al.175
STEM analysis was performed at Environmental Molecular Sciences Laboratory, Pacific North-
west National Laboratory by Dr. Robert Colby. The lamella were made using an FEI Helios dual-
beam focused ion beam/scanning electron microscope (FIB/SEM) equipped with an Omniprobe,
using the standard lift-out technique.179 High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images were recorded using a probe-corrected FEI Titan 80-300
operated at a 300 kV. Shown in Figure 4.3a is a low magnification cross-sectional image revealing a
relatively uniform thickness and flat interface between the STO and the EuFeO3 film. Some regions
of the film exhibit a 1-2° tilt in the growth direction from the STO [001], as can be seen in Fig-
ure 4.3b, with no obvious preferential direction to the tilt. The presence of edge dislocations were
also observed at the EuFeO3/STO interface, as shown in Figure 4.4. These edge dislocations are
present at the boundaries between rotational domains of the FeO6 octrahedra, as can be seen in the
center of Figure 4.4. For the discussion of this rotational change in the film, the STO [001] direction
is defined as the rotational c-axis, which is the same as the growth direction of the film. EuFeO3 in
bulk displays a a−a−c+ rotational pattern. The film exhibits a mixed a+a−c− /a−a−c+ structure.
In the a+a−c− domains, the in-phase rotational axis is perpendicular to the film growth direction
(as can be seen to the right of the edge defect in Figure 4.4, and the in the a−a−c+ domain the
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Figure 4.4: 300 kV HAADF-STEM image of a rotational boundary in the EuFeO3 film, with a
correlated edge dislocation at the EuFeO3/STO interface. Lower inserts show the corresponding
FFT patterns for the STO and the EuFeO3 film on either side of the defect. The small arrows
denote the half order peaks from the alternating Eu displacements in the EuFeO3 film. This
reveals the presence of an a−a−c+ pattern to the left of the dislocation and an a+a−c− pattern
to the right of the dislocation, where the c-axis is the growth direction of the film. The Eu
displacements observed in the STEM image, highlighted with green circles, are consistent with
these rotation patterns. A schematic of the crystal structure is presented for reference with the
Eu atoms in green, oxygen in red, and the FeO6 octahedra denoted in blue with the in-phase
rotation axis labeled. Image reproduced from A. Choquette et al.175
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in-phase axis lies parallel to the growth direction (located to the left of the edge defect in Figure 4.4.
The in-phase rotation axis is more easily distinguished though Fast Fourier Transformations (FFT)
of the HAADF-STEM images (lower insets, Figure 4.4), which reveal the half-order peaks in the
pattern. These arise from the alternating Eu displacements and the FeO6 rotations in the film,
which doubles the unit cell seen by the electrons, resulting in the half order peaks.
4.3 Spectroscopy Results
Further studies were performed on the EuFeO3 films, with resonant soft x-ray absorption spec-
troscopy performed at beamline 4-ID-C of the Advanced Photon Source at Argonne National Lab-
oratory in total electron yield (TEY) mode to probe the Eu M5, Fe L2,3, and O K-edges at 300
K. Resonant soft X-ray absorption spectroscopy, which probes the unoccupied electronic density of
states, was used to determine the nominal valence states of the cations and the crystal-field splitting
of the Fe 3d states. The Eu M4,5-edge, Fe L2,3-edge, and O K-edge are shown in Figure 4.5 along
with relevant simulations. The Eu M4,5-edge-edge results from the promotion of electrons from the
3d states into the the unoccupied 4f states, the Fe L2,3-edge results from promotion of the 2p states
to the empty 3d states and the O K-edge spectrum is a result of promoting electrons from the 1s
edge into the empty 2p band. In the case of oxygen, this spectra can be used as a first-order ap-
proximation to the oxygen 2p unoccupied density of states.180;181 Simulations were conducted using
CTM4XAS182 to gain insight into the valence states of Eu and Fe at 300 K. In Figure 4.5a, the
measured absorption spectrum (black) of the Eu M5-edge is shown. The red and blue curves show
the simulated Eu3+ and Eu2+ spectra, respectively. The simulated spectra were shifted energetically
on the basis of experimentally measured Eu3+ and Eu2+ spectra.183–185 The measured spectrum is
in good agreement with the simulated Eu3+ curve, which consists of three peaks: a small peak at
1125.2 eV, the main peak at 1130.2 eV, and a third small peak at 1133.8 eV. This confirms that the
Eu cations are 3+ in the EuFeO3 films and that there is a negligible content of Eu
2+.
Figure 4.5b shows the measured Fe L2,3-edge spectrum. The measured spectrum is consistent
with previous reports of Fe3+ in perovskite oxides.114;123;186 The two strong peaks in the L3-edge
arise from t2g states (at 707.7 eV) and eg states (at 709.4 eV). The energetic difference between
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Figure 4.5: a) Soft X-ray absorption spectrum of the Eu M4,5-edge measured from an EuFeO3
film on STO at 300 K, along with the simulations of Eu2+ (blue) and Eu3+ (red). The dotted
lines are guides to the eye. b) Fe L2,3-edge spectra probing the unoccupied Fe 3d states via the
2p-3d dipole transition for the EuFeO3 thin film. The dotted lines are guides to the eye. Three
different Fe L2,3-edge simulations resulting from different chosen values of 10Dq (in electron
volts), are shown for comparison. c) O K-edge pre-peak fit to two Gaussians, with a splitting of
2 eV. The inset shows the full O K-edge spectra, with the pre-peak region highlighted. Image
adapted from the work of A. Choquette et al.175
these two peaks is approximately equal to the Fe crystal-field splitting (10Dq). This peak splitting
for the measured L3-edge is found to be 1.7 eV. To further quantify the crystal-field splitting, the
Fe3+ spectrum was simulated with various values of 10Dq. The simulated spectra were adjusted
such that the simulated eg L3 peak is at the same energy as the measured eg L3 peak. As can be
seen in Figure 4.5b, the simulation with a 10Dq value of 1.5 eV yields the best qualitative agreement
with the experimentally measured spectrum, when considering the L3 peak positions. This value is
consistent with previous analysis of crystal-field splitting in perovskites and oxides with octahedrally
coordinated Fe3+, such as LaFeO3 with a reported 10Dq value of 1.8 eV
114 and α-Fe2O3 with values
from 1.45 eV187 to 1.8 eV.186
The O K-edge was also investigated via XAS. Figure 4.5c shows the O K pre-peak, with the inset
showing the full O K-edge spectra. The oxygen 2p pre-peak features display the character of the
empty Fe (3d) states because of Fe-O hybridization; therefore, the O K-edge pre-peak is attributed
to O 2p hybridization with Fe 3d states.180 As such, there are two main features to the pre-peak
associated with the Fe t2g and eg states. The O K-edge pre-peak was fit to two Gaussians, the
centers of which are separated by 2 eV, which is similar to the experimentally measured splitting of
the t2g and eg peaks (1.7 eV) from the Fe L3-edge.
EuFeO3 and LaFeO3 optical absorption was measured at room temperature to investigate the
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Figure 4.6: a) The optical absorption of EuFeO3 and LaFeO3, with A marking, B marking the
onset of absorption, and C the higher energy excitations in the material. b) Optical absorption
of EuFeO3 on two different substrates, STO (0.7% compressive strain) and LSAT (<0.1% tensile
strain), demonstrating the small effect of strain. Image reproduced from A. Choquette et al.175
optical transitions within the visible spectrum. The optical absorption spectra were measured with
a J.A. Woolam M-2000U variable angle spectroscopic ellipsometry. The Ψ and ∆ were measured at
room temperature over the photon energy range of 1.25 to 5 eV using 5 angles from 65-75°. Prior to
growth the substrates were measured and fit to a Cauchy function to ensure accurate representation
of the substrate contributions. The films were modeled as homogeneous smooth layers. The data
was fit using a Levenberg-Marquart algorithm of Lorentz oscillators to yield the best fits on average
for each film. The Lorentz oscillator model used by WVASE is,
 =
m∑
j=1
AjBrjEj
E2j − E2 − iBrjE
(4.1)
where  is the dielectric constant, Ej is the center energy of the given oscillator, Aj is the oscillator
amplitude fitting parameter, E is the incident photon energy, and Brj is the broadening fitting
parameter. Eight oscillators were needed for a good correlation to the collected data, using the
measured film thickness from XRR. The index of refraction (n) and the extinction coefficient (k) of
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the film was extracted and optical absorption spectra are obtained using the equation,
α =
4pik
λ
, (4.2)
where α is the absorption coefficient and λ is the incident photon wavelength.
Eight oscillators were used to fit the spectra and these parameters for both films are summarized
in Table 4.1. Figure 4.6a shows the absorption data from a 60-u.c. EuFeO3 (red) and a 70-u.c.
LaFeO3 (black) thin film. The physical properties of LaFeO3 films were previously reported by
Scafetta et al.129 The absorption curve has 3 main regions, marked A, B and C in Figure 4.6a. In
region A (1 - 2 eV), the absorption is less than 0.1 × 105 cm-1, as is expected when the incident
photon energy is less than the energy needed to excite a carrier across the EuFeO3 band gap energy.
Region B (2.5 - 3.5 eV) is the onset of absorption, where light induces an excitation of a charge
carrier into the conduction band. In this region, the EuFeO3 peak is blue-shifted from the LaFeO3.
For the two highest amplitude oscillators in Region B, there is a 0.03 and 0.04 eV shift to higher
center energies for the EuFeO3 compared to the LaFeO3, values consistent with the increase in
band gap discussed below. The energy of the first oscillator is slightly less for LaFeO3, however the
difference is only 7 meV, the magnitude of which is comparable to the error of the fit. Region C
(3.5 - 5 eV) contains higher energy excitations. In this range, oscillator 4 defines the leading edge
of the higher energy absorption curve, and oscillators 5 - 7 define the fine structure. Oscillator 4 of
EuFeO3 is shifted to a lower center energy by 0.01 eV (comparable to the error of the fit), whereas
oscillators 5 and 6 are blue-shifted in their energies of 0.03 and 0.04 eV respectively, when compared
to the oscillators from LaFeO3.
Tauc analysis of the EuFeO3 and LaFeO3 spectra shown in Figure 4.6a is presented in Figure 4.7.
It should be noted that for this analysis there is significant uncertainty with perovskite oxides regards
to the exact nature of the transitions. Through a combination of DFT calculations and optical
measurements, LaFeO3 was demonstrated to have a direct forbidden band gap of ∼2.34 eV.129 By
conducting Tauc analysis and assuming that EuFeO3 also has a direct forbidden transition, we find
that the band gap of the EuFeO3 film is blue-shifted by 0.15 eV compared to that of the LaFeO3
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Table 4.1: Oscillator parameters from the optical absorption of Figure 4.6, and the differences
in the center energy of EuFeO3 and LaFeO3. Table reproduced from A. Choquette et al.
175
EuFeO3 LaFeO3 Difference (LFO-EFO)
Oscillator 1
Center Energy 2.712 ±0.003 2.719 ±0.002 -0.007
Broadening 0.180 ±0.010 0.201 ±0.009
Amplitude 0.237 ±0.009 0.380 ±0.017
Oscillator 2
Center Energy 2.990 ±0.005 2.960 ±0.005 0.030
Broadening 0.323 ±0.016 0.356 ±0.019
Amplitude 0.852 ±0.042 0.972 ±0.062
Oscillator 3
Center Energy 3.244 ±0.003 3.207 ±0.006 0.037
Broadening 0.391 ±0.012 0.438 ±0.017
Amplitude 1.658 ±0.034 1.277 ±0.051
Oscillator 4
Center Energy 3.912 ±0.004 3.925 ±0.003 -0.013
Broadening 0.393 ±0.011 0.278 ±0.014
Amplitude 3.260 ±0.112 2.600 ±0.168
Oscillator 5
Center Energy 4.242 ±0.006 4.198 ±0.005 0.044
Broadening 0.487 ±0.036 0.491 ±0.038
Amplitude 3.347 ±0.246 4.372 ±0.387
Oscillator 6
Center Energy 4.602 ±0.008 4.568 ±0.012 0.034
Broadening 0.577 ±0.065 0.682 ±0.101
Amplitude 2.489 ±0.309 2.865 ±0.562
Oscillator 7
Center Energy 5.018 ±0.011 5.007 ±0.028 0.011
Broadening 0.621 ±0.063 0.828 ±0.108
Amplitude 2.133 ±0.172 2.130 ±0.341
Oscillator 8
Center Energy 8.137 ±0.041 8.679 ±0.050 -0.542
Broadening 0.144 ±0.047 0.142 ±0.074
Amplitude 136.0 ±43.5 154.3 ±79.2
film.
The optical spectra of EuFeO3 on STO and LSAT substrates were compared to gain insight
into the role that epitaxial strain may play in the observed optical differences between EuFeO3 and
LaFeO3, since the state of LaFeO3 on STO is 0.7% compressive while EuFeO3 on STO is 0.9% tensile.
Strain can alter rotations and distortions of the BO6 octahedra and thus may also change optical
absorption; however, the modifications induced by strain to B -O-B bond angles are anisotropic
compared to bulk cation substitution effects. For example, substitution of Eu for La in bulk ferrites
decreases the bond angles along both the in- and out-of-plane directions, whereas strain tends to
reduce (or increase) out-of-plane bond angles and bond lengths while having the opposite effect on
in-plane bond angles and lengths.20;188 In order to verify the validity of a comparison of LaFeO3 and
EuFeO3, which are in different strain states, a comparison of the absorption curves of EuFeO3 on
different substrates is shown in Figure 4.6b. For EuFeO3 on STO, the film is in a tensile stain state
of 0.9%, whereas EuFeO3 is lattice-matched to LSAT (3.868 A˚), resulting in <0.1% tensile strain.
As can be seen, a change of nearly 1% strain has little effect on the shape of the absorption curves.
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Figure 4.7: Tauc analysis of the spectra of EuFeO3 assuming that it has direct forbidden
transition, we find that the band gap of the EuFeO3 film is 2.46 eV, which is blue-shifted by
0.15 eV compared to the LaFeO3 film with a band gap of 2.31 eV. Image reproduced from A.
Choquette et al.175
Therefore, these changes in the absorption curves between LaFeO3 and EuFeO3 are attributed to
the effects of cation substitution and not strain.
The blue-shifting of the absorption edge (region B) in EuFeO3 compared to LaFeO3 is consistent
with the expected changes to the electronic structure. With substitution of smaller A-site atoms
(such as Eu for La), there is a decrease in the B -O-B bond angle. In the case of LaFeO3 to EuFeO3,
the bond angles in bulk change from 157.6° for LaFeO3 to 147.9° for EuFeO3. The observed blue-
shifting of the absorption is consistent with earlier work by Eng et al,66 who found an increase in the
band gap of ∼0.5 eV in density functional calculations of CaTiO3 in which the Ti-O-Ti bond angles
were reduced from 180° to 152°. They also demonstrate this experimentally in the diffuse reflectance
spectra, finding an increase in the band gap on the order of 0.2 to 0.5 eV when the B -O-B bond
angle was decreased from 180° in SrTiO3 and KTaO3 to 156° in CaTiO3 and NaTaO3.66 Similar
effects have also been reported in alkaline earth perovskite systems, ATiO3, AZrO3, and ASnO3.
In the ATiO3 and AZrO3 systems, the development of octahedral rotations in CaTiO3 and CaZrO3
corresponded to an increase in the experimentally measured band gap.67 In ASnO3 as reported by
Lui et al,68 a linear increase in band gap energy was reported with decreasing Sn-O-Sn bond angles
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through A-site substitution, ranging from 3.50 eV for BaSnO3 (180°) to 4.27 eV for SrSnO3 (160°).
Ar larger values of strain changes in the band gap are observed. Shown in Figure 4.8a are the
modeled ellipsometry spectra from four EuFeO3 films grown on GdScO3 (GSO), STO, LSAT or
LaAlO3 (LAO). These are listed in the order of strain, going from from 2.3% tensile strain on the
GSO substrate to 2% compressive in the LAO substrate. All of these films are 14.7 nm thick, and
found to be fully strained to the substrate from reciprocal space maps about the 113 (the STO and
LSAT film RSM are shown in Figure 4.1e and f, whereas the RSM from the GSO and LSAT are
shown later in this dissertation, in Figure 5.1f and g). These optical spectra were again fit with
eight Lorentz oscillators, and these oscillator parameters are summarized in Table 4.2. Looking at
the onset of absorption at 2.5 eV, the spectra for the films on STO, LSAT and GSO are very similar
in shape, whereas there is a red shift for the film on LAO, which is under 2% compressive strain.
This is also seen when looking at the band gaps extracted from Tauc analysis. Assuming that the
EuFeO3 is direct forbidden band gap, the slope of the linear regions of the four films is plotted in
Figure 4.8b, showing the cluster of the films on STO, LSAT and GSO, with values of 2.39eV, 2.42
eV, 2.43 eV respectively. The film on LAO has Tauc band gap of 2.30 eV, which is 0.09 eV shifted
from the film on STO. This trend is plotted versus strain in Figure 4.8c, as well as just choosing the
value of adsorption at 2.5 and 2.75 eV, showing the larger values of adsorption for the film on LAO,
which is expected since the band energy is lower. The differences between the films can also be
seen in the changes in the oscillator center energies. Figure 4.8d all eight oscillator center energies
are plotted versus the film strain state. It is readily apparent there are two regions here, the low
energy oscillator energy range which refers to oscillators 1-3 (shown in Figure 4.8 e)), and the higher
energy oscillators, in this case 4-7 (shown in Figure 4.8f). The low energy oscillators follow the
same trend as is found in the Tauc analysis, with the compressive LAO film having a smaller value
than found for the other 3 films with a ∼0.26 eV decrease from the STO center energy of oscillator
1. For oscillators 4-7, these instead have a parabolic shape, with the high strain state films (LAO
and GSO) having higher energies that the low strain state films (LSAT and STO). The trend in
oscillator 8 is not considered since this oscillator helps to define the background of the tail, and is
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outside of the actual data range, but is shown in Figure 4.8d for completeness. With compressive
strain, the γ angles of a perovskite are expected to increase, while the α and β angles decrease, both
of which affect the bond angles (θ).20;30;188 The strain also adjusts the in- and out-of-plane lattice
parameters, which alters the bond lengths (d), leading to a more complicated relationship for the
expected bandwidth. As a reminder, the bandwidth (W ) is related to the angles and bond length
as follows:
W ∼ d−3.5cos2θ.8 (4.3)
Here, EuFeO3 on LAO is found to have a decreased band gap, leading one to infer that the band-
width has then increased. This then implies that either that the average angle of the perovskite
structure on LAO has increased, the average bond length has decreased, or a combination of the
two process has occurred. A significant decrease in in-plane bond lengths have been reported for
compressively strained perovskites20;189;190, suggesting this structural feature may be critical to the
observed decrease in band gap.
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Table 4.2: Lorentz oscillator parameters from the optical absorption of the strained EuFeO3
films shown in Figure Figure 4.8a.
LAO LSAT STO GSO
Oscillator 1
Center Energy 2.704 2.961 2.951 2.964
Broadening 0.185 0.341 0.353 0.330
Amplitude 0.341 0.915 0.694 0.858
Oscillator 2
Center Energy 2.981 3.137 3.133 3.170
Broadening 0.386 0.228 0.257 0.275
Amplitude 1.206 1.738 0.909 1.503
Oscillator 3
Center Energy 3.226 3.272 3.270 3.341
Broadening 0.407 0.171 0.209 0.263
Amplitude 1.357 0.821 0.835 0.659
Oscillator 4
Center Energy 3.888 3.402 3.422 3.922
Broadening 0.335 0.129 0.163 0.394
Amplitude 2.361 0.418 0.386 3.124
Oscillator 5
Center Energy 4.169 3.915 3.906 4.272
Broadening 0.568 0.317 0.381 0.612
Amplitude 3.309 2.623 2.782 3.546
Oscillator 6
Center Energy 4.578 4.253 4.266 4.657
Broadening 0.786 0.644 0.709 0.632
Amplitude 2.959 3.974 3.784 2.820
Oscillator 7
Center Energy 5.077 4.808 4.834 5.108
Broadening 0.944 1.022 1.045 0.579
Amplitude 2.457 3.648 3.312 2.487
Oscillator 8
Center Energy 8.217 7.796 8.238 8.606
Broadening 0.0486 0.177 0.260 0.0542
Amplitude 399.8 113.9 80.4 417.3
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Chapter 5: Control and Measurement of Octahedral Rotations
This chapter discusses routes to control the growth direction of the in-phase rotational axis of the
orthorhombic Pbnm perovskite thin films and how to quantify the rotations from the measured
half-order diffraction peaks. The first section of this chapter focuses on films of EuFeO3, which
are explored across strain from 2% compressive to 2.3% tensile strain, as well as compiling results
from previous published work on Pbnm thin films. I demonstrate that compressive strain results
in a−a+c− and a+a−c− patterns; moderate tensile strain can result in a−a+c−, a+a−c−, and/or
a−a−c+ structures; and large values of tensile strain (>2%) tends to favor a−a−c+. In addition,
films under any strain state on Pbnm-type substrates tend to exhibit the same rotation pattern
as that of the substrate, indicating that substrate imprinting of the in-phase axis can offer a more
robust means for deterministically controlling the rotation pattern compared to epitaxial strain.
This work resulted in a paper in Physical Review B in 2016.22
In the second section, I cover the development of a model used to refine the structure of Pbnm
films from half-order diffraction peaks. I then outline the specific set of peaks arising from individual
displacements of the oxygen and A-site ions that allows for the quantification of these displacements.
The accuracy of this approach has been verified with numerical simulations, and through the mod-
eling of a single crystal NdGaO3 (001) substrate. This work was the result of a collaboration with
Matt Brahlek and Roman Engel-Herbert at Penn State University, and resulted in a paper in Journal
of Applied Physics in 2017.65 I implemented the described structural model into a python script,
which is presented in full in Appendix B.
5.1 Control of the In-Phase Rotation Axis
EuFeO3 films were deposited on a variety of commercially available substrates, leading EuFeO3 films
with an average 2% compressive strain on LAO (lattice parameter 3.791 A˚), <0.1% strain on LSAT
(3.868 A˚), 0.9% tensile strain on STO (3.905 A˚), and 2.3% tensile strain on GSO (3.968 A˚). The
87
Figure 5.1: Scans along 00L through the (002) peak for EuFeO3 films on LAO (a), LSAT (b),
STO (c) and GSO (d). The c-axis parameter as a function of in-plane strain is shown in (e).
The red line is a guide for the eye. Reciprocal space maps about the (113) peak for the EuFeO3
film on LAO (f) and GSO (g). Arrows highlight the Bragg peak from the EuFeO3 films. The
scale bars in (f) and (g) indicate the natural log of the measured intensity. Image adapted from
the work of A. Choquette et al.22
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Figure 5.2: Omega scans through H=K=L half-order diffraction peaks from EuFeO3 films on
STO, LAO and GSO. The inset shows an L-scan through the ( 12
1
2
1
2 ) condition for a LaNiO3
film on STO. Image reproduced from the work of A. Choquette et al.22
measured 00L scans are shown in Figure 5.1a-d. The obtained EuFeO3 c-axis parameters, which
were extracted using GenX,171 are 3.918 A˚ on LAO, 3.840 A˚ on STO, 3.869 A˚ on LSAT, and 3.806
A˚ on GSO, consistent with the strain states of the films. The c-axis parameters versus strain are
shown in Figure 5.1e. Reciprocal space maps measured about the (113) peak also verify the strain
states found in each film. Shown in Figure 5.1f is the RSM for EuFeO3/LAO and Figure 5.1g for
EuFeO3/GSO. In the RSMs, the Bragg peak from the films, marked by white arrows, occurs at the
same H and K values as that of the substrate which indicates that the films are coherently strained.
The RSMs for the STO and the LSAT film are shown in Figure 4.1 e and f which also demonstrate
the films are coherently strained to the substrates.
A broad survey of half-order diffraction peaks were measured to qualitatively determine the
pattern of octahedral rotations in the films. The half-order peak where H = K = L conditions
is presented in Figure 5.2. These peaks arise from A-site displacements with minimal intensity
contribution from octahedral rotations.64 These are displayed as ω scans, as commonly referred to
as rocking curves, through H = K = L regions of reciprocal space for EuFeO3 films on STO, LAO
and GSO, which all exhibit peaks. The presence of these peaks is consistent with the presence of
A-site displacements in the Pbnm-type structure. In contrast, a 45 u.c. thick LaNiO3 film, shown
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Figure 5.3: Omega scans through half-order peaks where the integer index indicates the
orientation of the in-phase rotation axis. The EuFeO3 films on (a) LAO and (b) LSAT both
show evidence of mixed a+a−c− and a−a+c− domain structure. The inset of (b) is an omega
scan through the ( 12
5
2 2) condition for the EuFeO3 film on LSAT. The film on (c) STO exhibits
a mixed a+a−c− and a−a+c− domain population with a small fraction of a−a−c+ domains.
The film on (d) GSO shows only the a−a+c− structural orientation. Image adapted from the
work of A. Choquette et al.22
Figure 5.4: L scans that correspond to the EuFeO3 films on GdScO3 in Figure 5.3d. Only for
the ( 12 1
3
2 ) condition is a peak is found. Image reproduced from the work of A. Choquette et
al.22
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Figure 5.5: Regions of reciprocal space near the { 12 32 1} Bragg conditions for EuFeO3 on
GSO. The (12 1
3
2 ) peak is shown in (a); the (1
1
2
3
2 ) region of reciprocal space is shown in (b);
the ( 12
3
2 1) region of reciprocal space is shown in (c). Only the (
1
2 1
3
2 ) peak is present (a),
mirroring the substrate. In (a), the white arrow highlights the peak from GSO; the black arrow
highlights the peak from the EuFeO3. The scale bar indicates the natural log of the measured
intensity. Image reproduced from the work of A. Choquette et al.22
inset of Figure 5.2 does not exhibit a ( 12
1
2
1
2 ) peak, since the R3¯c-type perovskite lacks A-site
displacements that lead to the H = K = L half-order peak. The film on LSAT is not shown since
the broad and intense ( 12
1
2
1
2 ) arising from the substrate
191 prevented measurement of the film peak
at this condition.
The next Bragg conditions investigated were where one of the reciprocal lattice positions is an
integer and the other two are unequal half-order positions. An example of this type of peak would
be ( 12 1
3
2 ) or (
1
2 2
5
2 ) where K is an integer and H 6= L. Figure 5.3 shows a series of three peaks
in which either H, K, or L is an integer, and the total momentum transfer, q, is kept approximately
constant. These peaks are present only when the integer reciprocal lattice variable is parallel to the
real space direction of the in-phase rotation axis.64 For example, an a−a−c+ pattern produces a ( 12
3
2 1) peak. The A-site displacements perpendicular to the direction of the in-phase rotation also
contribute intensity to these peaks. Therefore, the presence of a ( 12
3
2 1)-type peak allows for the
orientation of the in-phase rotation axis to be quickly determined. For the films on LAO [Figure 5.3a]
and on LSAT [Figure 5.3b], peaks with an integer in either H or K are observed, while peaks with
an integer L value are absent. Figure 5.3a shows a series of (1 12
3
2 )-type peaks for the EuFeO3/LAO
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Figure 5.6: The (± 12 ± 12 32 ) peaks measured from EuFeO3 films on (a) LAO, (b) STO, and
(c) GSO. The films on LAO and STO show evidence of equal populations of the rotational
domains. The film on GSO shows evidence of unequal rotational domains. Image reproduced
from the work of A. Choquette et al.22
Figure 5.7: L scans that correspond to the θ scans shown in Figure 5.6a. The EuFeO3 film on
LaAlO3 shows equal populations of the rotational domains, as can be seen from the equivalent
intensity, where as for the substrate there are unequal rotational domains (red and blue dotted
lines as guide for the eye). Image reproduced from the work of A. Choquette et al.22
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Figure 5.8: L scans that correspond to the θ scans shown in Figure 5.6c. The EuFeO3 film
on GdScO3 shows two domain populations, with (
1
2
1
2
3
2 ) and (
1
2 − 12 32 ) being more intense and
(− 12 12 32 ) and (− 12 − 12 32 ) being less intense (red and blue dotted lines as guide for the eye).
Image reproduced from the work of A. Choquette et al.22
sample. While the ( 12 1
3
2 ) and (1
1
2
3
2 ) have approximately equal intensity, no intensity is measured
at the ( 12
3
2 1). Similar data is obtained from EuFeO3/LSAT, shown in Figure 5.3b, where a larger
value of L is used to better separate the film and substrate peaks. For the EuFeO3/STO film, shown
in Figure 5.3c, the majority of the film takes a structure of a+a−c− or a−a+c−, with only a small
fraction (4%) of the film exhibiting a−a−c+, as has previously been reported.175
In contrast, this multi-domain trend is not observed in the EuFeO3/GSO film. Instead, the
film exhibits a uniform a−a+c− pattern, which matches that of the GSO substrate. As shown in
Figure 5.3d, only the ( 12 1
3
2 ) peak is present and both the (1
1
2
3
2 ) and (
1
2
3
2 1) peaks are absent.
The ( 12 1
3
2 ) peak is asymmetric due to some contribution from the substrate in the ω scan. L scans
through these three regions of reciprocal space are also presented in Figure 5.4, helping to further
verify that both the film and substrate only produce a ( 12 1
3
2 ) peak. Additionally, reciprocal space
maps measured near these same set of peaks further demonstrate that the film rotation behavior is
dependent on that of the substrate. For the film on GSO, peaks at ( 12 1
3
2 ) from both the substrate
and film can be seen in Figure 5.5a, with the white and black arrows highlighting the substrate and
film peak, respectively. There is no intensity from either the substrate or film at the (1 12
3
2 ) and
( 12
3
2 1) conditions [Figure 5.5b,c], which is consistent with a uniform a
−a+c− pattern in both the
substrate and film.
The {± 12 ± 12 32} series of peaks, shown in Figure 5.6, provides additional evidence for the presence
of mixed a+a−c− and a−a+c− patterns on LAO and STO, and uniform a−a+c− orientation on GSO.
These peaks arise from out-of-phase rotations within the plane of the film (a−)64 and from A-site
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displacements within the plane perpendicular to the rotation axis. Therefore, the presence of these
peaks indicates that the EuFeO3/LAO and EuFeO3/STO films are not a
+a+c− but instead contain
regions of both a+a−c− and a−a+c− patterns. This is consistent with previous scanning transmission
electron microscopy results obtained from an EuFeO3/STO film in which Pbnm-type rotations
were observed with the in-phase axis lying along different pseudocubic directions.175 Additionally,
different rotational domains can arise within a given rotation pattern. Each of these domains are
defined by how the closest octahedron to the origin rotates (clockwise or counterclockwise) about
each axis, which in turn dictates the displacement direction of the oxygen atoms within that rotation
pattern. To probe these rotational domains, symmetrically equivalent half-order peaks with a fixed
L are measured.20 For the film on STO, we find that the intensity of the four {± 12 ± 12 32} peaks are
equal, which indicates an equal population of the rotational domains as is expected for growth on
a cubic substrate. The same is found for the EuFeO3/LAO sample, indicating that the rotational
domains from LAO substrate, which has an a−a−a− pattern, are not transferred into the film due
to the symmetry mismatch at the interface. L scans through these {± 12 ± 12 32} peaks are shown
Figure 5.7. Here, the EuFeO3 film on LaAlO3 shows equal populations of the rotational domains,
as can be seen from the equivalent intensity (blue dotted line), where as for the substrate there are
unequal rotational domains (red dotted line). This clearly demonstrates that the rotational domain
populations are not equal in the LAO substrate in contrast to the EuFeO3 film, which provids further
evidence that the LAO is not imprinting rotational information into the film beyond the effect of
strain. In contrast, the ( 12
1
2
3
2 ) and (
1
2 -
1
2
3
2 ) peaks are significantly more intense than the (-
1
2
1
2
3
2 )
and (- 12 -
1
2
3
2 ) peaks in the EuFeO3 film on GSO. As shown in Figure 5.8, the same trend in peak
intensities is found in the GSO substrate, indicating that not only is the rotation pattern imprinted
from the GSO substrate, but the rotational domains within that pattern are also transferred from
the substrate to film.
In addition, the coherence lengths for the ( 12 1
3
2 )-type peaks were extracted. These values are
presented in Table 5.1. The GdScO3 substrate (
1
2 1
3
2 ) peak was also extracted to make sure that
coherence lengths found are not limited by the instrument resolution. For the EuFeO3 film on
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GdScO3 (110), the domain lengths are found to be on the order of the instrument resolution for the
H direction, but on the order of 40 u.c. in both K and L. In the case of the films on LSAT and
SrTiO3, the coherence length gives that the domains are approximately 90-100 u.c. in diameter.
The film on LaAlO3 shows smaller domains, with the size ranging from 35 to 42 u.c. For all the
films shown, the film thickness is ∼ 40 u.c. thick, and the coherence length along L agrees with the
film thickness.
5.1.1 Other Pbnm-type Perovskites
Films on non-Pbnm perovskite substrates
EuFeO3 has bulk pseudocubic lattice parameters, taken from the Fe-Fe, distances of 3.882 A˚ along
the a− axes and 3.842 A˚ along the c+ axis (the orthorhombic long axis). This reduced B -B dis-
tance along the in-phase axis compared to the out-of-phase axes is a common feature of the Pbnm
structure.116;192–198 Therefore, based on the purely geometric considerations, it is expected that
the in-phase axis will lie out-of-the-plane (a−a−c+) for films under tensile strain and in-the-plane
(a+a−c− or a−a+c−) for films under compressive strain in order to minimize the lattice mismatch
with the substrate. This would lead to the in-phase rotation axis direction in Pbnm-type perovskite
films on cubic substrates to depend on the epitaxial strain state. A mixed a−a+c− and a+a−c−
rotational pattern would be expected for compressive strain, putting the shorter pseudocubic in-
phase axis in the plane of the film thereby minimizing strain along one of the in-plane directions.
Under tensile strain, the lattice mismatch can be minimized by orienting the c+ axis along the
growth direction leading to an a−a−c+ pattern. This strain dependence of the in-phase axis has
been predicted with density functional theory. For example, calculations of LaMnO3 and CaTiO3
reveal the a−a+c− pattern to be favorable under compressive strain and under tensile strain of less
than 1 % and 1.5 %, respectively.51;52 Similarly, the a−a+c− pattern was predicted to minimize
energy in LaVO3 in compressive strain.
199 Under tensile strain larger than 1 % and 1.5 %, the
a−a−c+ pattern becomes the lower energy structure. However, the energy differences between the
two structural variants can be small; for example, first-principles calculations of strained LaVO3
and many rare earth ferrites revealed minimal energetic preference between a−a−c+ and a−a+c−
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structures under tensile strain.97;199
Our observation of a mixed a−a+c−/a+a−c− rotation pattern on films under compression is
consistent with previous experimental studies of epitaxial perovskites compressively strained to a
non-Pbnm substrate, including SrRuO3/STO,
190;200–202 Pr0.7Sr0.3MnO3/LAO,
203 LaVO3/STO,
204
LaFeO3/STO,
124 GdTiO3/STO/LSAT,
205 GdTiO3/ SrLaGaO4,
206 Pr0.5Ca0.5MnO3/LAO,
207 and
La0.9Sr0.1MnO3/STO.
208 The same structural variant has been reported in some films under small
magnitudes of tensile strain, such as CaRuO3/LSAT (0.55 % tensile)
54 and PrVO3/STO (0.5 % ten-
sile).53 In many of these studies, a mixture of a−a+c− and a+a−c− patterns was observed.53;54;124;203;204
There have also been reports of the a−a−c+ pattern in films under tensile strain, especially in het-
erojunctions with larger than a 1 % lattice mismatch. These studies include Pr0.5Ca0.5MnO3/STO
(2.3 % tensile),209 NdNiO3/STO (2.6 % tensile),
210 and La0.7Ca0.3MnO3/STO (1 % tensile).
211 A
mixture of all three orientations was reported in CaMnO3/LAO (2.3 % tensile).
98 These films were
all grown on non-Pbnm perovskite substrates.
To gain further insight into the in-phase axis orientation in films under moderate tensile strain
(between 0 - 2%), the half-order peaks from LaGaO3/STO (0.5% tensile) and Eu0.7Sr0.3MnO3/STO
(1.5% tensile) were measured. The measured half-order peaks indicate that both films retain the
Pbnm-type rotation pattern that is found in bulk compounds. As shown in Figure 5.9a, the LaGaO3
film is predominately a−a−c+ oriented, which accounts for 94% of the sample volume compared to
6% for a+a−c− and a−a+c− domains as determined from intensity analysis of the half-order peaks.
In contrast, the Eu0.7Sr0.3MnO3 film is comprised of 65% a
+a−c− and a−a+c− domains and 35%
a−a−c+ domains, based on the half-order peaks shown in Figure 5.9b. Finally, Figure 5.9c shows
half-order peaks measured from LaFeO3/STO (-0.8% compressive strain) revealing over 99% of the
film consists of a+a−c− and a−a+c− domains as expected for the film under compressive strain.
We compile our experimental results with those previously reported from both experiment and
density functional theory in Figure 5.10 to provide a comprehensive view of how the in-phase rotation
axis responds to strain in films. From these results, three main conclusions can be made regarding the
structural orientation of films on non-Pbnm substrates. First, compressive strain leads to a−a+c−
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Figure 5.9: Measured ( 12
3
2 n) and (
1
2 n
3
2 ) peaks for (a) LaGaO3/STO, (b)
Eu0.7Sr0.3MnO3/STO, and (c) LaFeO3/STO films, where n = 2 for (a) and n = 1 for (b)
and (c). Image reproduced from the work of A. Choquette et al.22
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Figure 5.10: Compilation of experimental results reported in this study (red symbols) and
previously published experimental work (black symbols) displaying the orientation of the in-
phase axis for Pbnm-type films. Films grown on non-Pbnm substrates are indicated by squares,
while films grown on (110)-oriented Pbnm substrates are indicated by stars. The y-axis indicates
the approximate volume fraction of the film that is a−a−c+; a value of 0 indicates a+a−c−
and/or a−a+c−. The blue dotted and green dashed vertical lines signify the strain state at
which a transition from a+a−c− to a−a−c+ was predicted in density functional calculations for
LaMnO3 and CaTiO3.
51;52 Image reproduced from the work of A. Choquette et al.22
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and/or a+a−c− structures. Second, large magnitudes of tensile strain (> 2 %) promote a−a−c+
structures. Finally, under moderate values of tensile strain (0 - 2 %) films can exhibit any of the
three in-phase orientations. In many cases, they can show considerable volume fractions of all three
orientations. Within this strain range, it remains an open question regarding what factors, such as
material chemistry or B − B distances found in the bulk structure, determine the rotation pattern
orientation of films. A table containing sample compositions, substrates used, and references for the
data that is presented in Figure 5.10 is given in Table 5.2.
Films on Pbnm perovskite substrates
Design strategies for realizing hybrid improper ferroelectrics and polar metals in short-period su-
perlattices rely on the A-site ordering along the same direction as the in-phase rotation axis. This
requires that the superlattices exhibit the a−a−c+ structure. Based on Figure 5.10, it is clear that
such superlattices, when grown on cubic or rhombohedral substrates, must be under significant ten-
sile strain to realize the correct orientation. However, the substrates most commonly used to induce
large values of tensile strain are the rare earth scandates,212 such as DyScO3 and GSO, compounds
that exhibit the Pbnm structure.213 In films grown on these substrates, the structural coupling be-
tween the film and substrate leads to an imprinting of the substrate in-phase axis orientation into the
film. This imprinting effect is observed in the EuFeO3/GSO films described here, and has also been
reported in other papers detailing heteroepitaxial growth of Pbnm-type films under tensile strain
on Pbnm-type substrates.54;57;214;215 These results from films on (110)-oriented Pbnm substrates,
in which the in-phase axis within the substrate is perpendicular to the growth direction, are also
plotted in Figure 5.10, illustrating the substrate-induced structural coupling effect. The primacy
of substrate imprinting over strain in determining the in-phase rotation axis points to growth on
(001)-oriented Pbnm-type substrates as the most promising means to ensure a−a−c+ behavior in
perovskite films and superlattices.
It should be noted that we do not find an indirect imprinting effect on the in-phase axis from
LAO, which exhibits an a−a−a− pattern, into Pbnm-type films. Here one may expect that the
octahedral connectivity can be better maintained if the film takes on the a−a−c+ pattern that
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would retain coherence of the out-of-phase axes within the epitaxial plane at the interface. However,
in both our experimental results and those previously reported, such behavior is not found. This
suggests that direct imprinting of the in-phase axis from a Pbnm substrate provides deterministic
control of the structural orientation while indirect imprinting from a rhombohedral substrate does
not.
To verify this imprinting also occurs under compressive strain, a 67 u.c. (26.7 nm) film of LaMnO3
was grown on NdGaO3 (001). LaMnO3 is also a Pbnm perovskite with a pseudocubic lattice constant
of 3.94 A˚216, which results in 2.0% compressive strain when grown on NdGaO3 (001) (ap=3.862 A˚).
Shown in Figure 5.11a is a (00L) scan (black circles) of this film with a GenX fit (red line). The
out-of-plane lattice parameter of the LaMnO3 film was found to be 3.984 A˚, consistent with an
increase of the c-axis lattice parameter expected with compressive strain. The film is found to be
fully strain, as seen in Figure 5.11b which shows the RSM about the (113) peak. Knowing the film
is fully strained, I next measured the L scans of the { 12 32 1} family of peaks, shown in Figure 5.11c.
Both the substrate and film show a ( 12
3
2 1) peak, but there is also some intensity near the (1
1
2
3
2 )
and ( 12 1
3
2 ) conditions. RSMs about each peak shown in Figure 5.11d-f, helps clarify the origins of
this signal. As seen in Figure 5.11d and e, the signal near the (1 12
3
2 ) and (
1
2 1
3
2 ) conditions is due
to powder rings which are likely from the silver paint used to mount the sample. The signal from
the ( 12
3
2 1) is clearly from the actual sample. This indicates that the structure of the film again
mirrors the substrate, with both taking a a−a−c+ octahedra rotation pattern. This demonstrates
that the imprinting of the in-phase axis from Pbnm-type substrates is indeed a universal way to
control the structural orientation of films under both compressive and tensile strains.
5.2 Structural refinement of Pbnm-type perovskite films
The synchrotron diffraction approach is based on the measurement of half-order Bragg reflections
that arise from the doubling of the cubic unit cell due to the octahedral rotations and the associated
lowering of the symmetry from the undistorted perovskite structure.64 For the orthorhombic (Pbnm)
perovskites with the a−a−c+ pattern, however, the c+ rotation allows for A-site displacements that
also double the periodicity of the pseudo-cubic unit cell. This significantly increases the complexity
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Figure 5.11: a) A (00L) scan of a 67 u.c. LaMnO3 film on NdGaO3 (001). b) The RSM about
the (113) peak. The film is fully strained to the substrate c) L scans of the ( 12
3
2 1) family of
peaks. The both the substrate and film show a ( 12
3
2 1) peak, and some signal for the (1
1
2
3
2 )
and (12 1
3
2 ) peaks. RSMs are shown of each scan, d) (1
1
2
3
2 ), e) (
1
2 1
3
2 ) and f) (
1
2
3
2 1). This
shows that the signal seen in the (1 12
3
2 ) and (
1
2 1
3
2 ) peaks is due to powder rings which are
likely from the silver paint used to mount the sample, not from the substrate. The (12
3
2 1) is
from the octahedra rotation pattern in the substrate and film.
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to the analysis of half-order diffraction peaks, due to the fact that the origin of the half-order
peaks is now convoluted by A-site displacements as well as octahedral rotations. As the Pbnm
structure is the most common structural variant found in perovskite oxides,24 developing a robust
approach for fitting half-order peaks in films with the a−a−c+ rotation pattern is critical for a deeper
understanding of oxide heterostructures.
Here, I describe an experimental approach to quantify the positions of oxygen and A-site atoms
within Pbnm-type perovskite films based on x-ray diffraction measurements and analysis of half-
order diffraction peaks. Insight into the various atomic displacements and how they contribute to the
intensity of particular half-order peaks is shown, and then using simulations and a nonlinear fitting
routine, the relative contributions from the oxygen octahedral rotations and A-site displacements
are disentangled. A combinations of diffraction peaks is presented that leads to the most robust
fitting results, as verified by numerical simulations. Experimentally, this process is demonstrated
using bulk single crystal NdGaO3, and this work helps to guide future experimental studies aimed
at quantifying octahedral rotations and A-site displacements in Pbnm-type perovskite thin films,
heterostructures and superlattices.
5.2.1 Model Description
As discussed in Chapter 2, the undistorted perovskite structure can be described using a single cubic
unit cell with the A-site cation at the corners of the cube, the B -site cation at the center, which
is coordinated by six oxygen which are located at the face centers forming an oxygen octahedron.
Deviations from this base structure can be accommodated by rotating the oxygen octahedra about
the three cubic axes [100], [010], and [001] by the angles α, β, and γ, respectively. To maintain
corner connectivity, adjacent octahedra must rotate as well, which reduces the overall symmetry of
the system. As has been the case in most of my work, the system of interest here is the perovskites
falling into the Pbnm space group. This is perovskite with an orthorhombic unit cell that is shown
in Figure 5.12a, in which the orthorhombic main axes [100] and [010], (labeled aO and bO) coincide
with the [110] and [11¯0] cubic axes (labeled a and b), and the [001] is parallel to the [001] cubic
axis (into the page). A more intuitive and commonly used description of the orthorhombic crystal
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Figure 5.12: (a) Orthorhombic unit cell of Pbnm perovskites and (b) pseudocubic unit cell
with an a-a-c+ rotation pattern, which is doubled in three directions compared to the undis-
torted cubic perovskite unit cell. Image adapted from the work of M. Brahlek and A. Choquette
et al.65
is to use a larger non-primitive unit cell that is shown in Figure 5.12b, the pseudocubic unit cell,
which is constructed out of eight unit cells of the undistorted cubic perovskite. This pseudocubic
unit cell can be adapted to span many space groups, and is particularly useful for epitaxial strained
thin films.
In general, the refinement of a crystal structure requires a way of parameterizing the atomic
positions within the unit cell, and then systematically varying these parameters in order to best
to match the experimentally measured diffraction intensities. In perovskites, this can be done by
using the symmetry of the structure to significantly simplify this general refinement procedure, by
reducing the structure to a few specific structure modes described by a small set of parameters. In
order to do this, each atomic position should be defined by a an analytic function. In this system,
the 24 oxygen anions, 8 B -site cations, and 8 A-site cations need to be defined. Shown in Figure 5.13
are the individual oxygen displacements resolved layer-by-layer along the c+ [001] axis. At z=0 and
z=0.5, shown in Figure 5.13b and d, oxygen shifts are only due to to the change of the α and β
angles, since those only alter the x and y coordinates. The coordinates for the new x position is
the original position in x (0.25 for O1) ±c/(4a) tanβ, whereas the new position in y is the original
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Figure 5.13: (a) Schematic of the layer resolved displacements of the oxygen position along
the in-phase axis (z-axis) within the a−a−c+ structure at (b) z = 0, (c) z = 0.25, (d) z = 0.5,
and (e) z = 0.75. The oxygens are denoted in red, the B -sites in blue, and the A-sites are
green. The black spots indicate where the oxygen would be in an undistorted cubic perovskite
structure. (f) Schematic of the four possible displacement for the A-site displacements 1L, 2L,
1R, and 2R. Image reproduced from the work of M. Brahlek and A. Choquette et al.65
y (0.25 for O1) ±c/(4b) tanα, with the sign of these x and y terms changing for each oxygen (in
the case of O1, the c/(4a) tanβ is added to the x position, and the c/(4b) tanα is subtracted from
the y). Oxygens at z=0.25 or z=0.75 now have a change in the z position (dependent on α or β),
along with either a change in x or y (dependent on γ). For a full summary of the oxygen positions,
please see Table 5.3, where all the oxygen positions are summarized for a a−a−c+ type domain.
Two things need to be noted for these positions:
1. The a−a−c+ rotation pattern requires α = β, but, the angles and lattice parameters are kept
unique to conveniently account for possible rotational domains.
2. The pre-factors of c/(4a) and c/(4b) are required so that the rotation angles of the unit cell
used in the structure-factor calculation match that of the real-space cell.
In the case of epitaxial films, there can be different orientations of the Pbnm crystal with respect
to the underlying substrate. For this work the c-axis is defined as the out-of-plane pseudocubic
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Table 5.3: Atomic positions used in the model to calculate intensities from half-order diffrac-
tion peaks for an a−a−c+ rotation pattern. The size of the unit cell is doubled with respect
to the undistorted cubic perovskite unit cell. B -site cations reside at their undistorted ideal
perovskite positions: x = 0.25, 0.75; y = 0.25, 0.75; z = 0.25, 0.75. The A-site positions given
below correspond to the 1R pattern. The A-site positions in the 1L, 2R, and 2L pattern are
given in Table 5.4. The in-plane and out-of-plane pseudocubic lattice parameters are a and c,
respectively. Table adapted from the work of M. Brahlek and A. Choquette et al.65
Atom x y z
O1 0.25 + c/(4a) tanβ 0.25 - c/(4b) tanα 0
O2 0.25 - c/(4a) tanβ 0.75 + c/(4b) tanα 0
O3 0.75 + c/(4a) tanβ 0.75 - c/(4b) tanα 0
O4 0.75 - c/(4a) tanβ 0.25 +c/(4b) tanα 0
O5 0 0.25 + a/(4b) tan γ 0.25 - a/(4c) tanβ
O6 0.25 - b/(4a) tan γ 0 0.25 + b/(4c) tanα
O7 0.5 0.25 - a/(4b) tan γ 0.25 + a/(4c) tanβ
O8 0.25 + b/(4a) tan γ 0.5 0.25 - b/(4c) tanα
O9 0 0.75 - a/(4b) tan γ 0.25 + a/(4c) tanβ
O10 0.5 0.75 + a/(4b) tan γ 0.25 - a/(4c) tanβ
O11 0.75 - b/(4a) tan γ 0.5 0.25 + b/(4c) tanα
O12 0.75 + b/(4a) tan γ 0 0.25 - b/(4c) tanα
O13 0.25 - c/(4a) tanβ 0.25 + c/(4b) tanα 0.5
O14 0.25 + c/(4a) tanβ 0.75 - c/(4b) tanα 0.5
O15 0.75 - c/(4a) tanβ 0.75 + c/(4b) tanα 0.5
O16 0.75 + c/(4a) tanβ 0.25 - c/(4b) tanα 0.5
O17 0 0.25 + a/(4b) tan γ 0.75 + a/(4c) tanβ
O18 0.25 - b/(4a) tan γ 0 0.75 - b/(4c) tanα
O19 0.5 0.25 - a/(4b) tan γ 0.75 - a/(4c) tanβ
O20 0.25 + b/(4a) tan γ 0.5 0.75 + b/(4c) tanα
O21 0 0.75 - a/(4b) tan γ 0.75 - a/(4c) tanβ
O22 0.5 0.75 + a/(4b) tan γ 0.75 + a/(4c) tanβ
O23 0.75 - b/(4a) tan γ 0.5 0.75 - b/(4c) tanα
O24 0.75 + b/(4a) tan γ 0 0.75 + b/(4c) tanα
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Table 5.4: Atomic positions of the A-site ions for the 4 possible displacement equivalents 1R,
2R, 1L and 2L in a a−a−c+ rotation pattern. To achieve a a−a+c−, the y and z coordinates
are switched, and for a a+a−c−, the x and z are switched. Table reproduced from the work of
M. Brahlek and A. Choquette et al.65
Atom x y z
1R-1 d1 d1 + d22 0
1R-2 0.5 + d1+ d2 d1 0
1R-3 0.5 + d1 0.5 + d1 + d2 0
1R-4 d1+ d2 0.5 + d1 0
1R-5 -d1 -d1- d2 0.5
1R-6 0.5 - d1 - d2 -d1 0.5
1R-7 0.5 - d1 0.5 - d1 - d2 0.5
1R-8 -d1- d2 0.5 - d1 0.5
2R-1 -d1 d1 + d2 0
2R-2 0.5 - d1 - d2 d1 0
2R-3 0.5 - d1 0.5 + d1+ d2 0
2R-4 -d1 - d2 0.5 + d1 0
2R-5 d1 -d1 - d2 0.5
2R-6 0.5 + d1+ d2 -d1 0.5
2R-7 0.5 + d1 0.5 - d1 - d2 0.5
2R-8 d1 + d2 0.5 - d1 0.5
1L-1 d1 + d2 d1 0
1L-2 0.5 + d1 d1+ d2 0
1L-3 0.5 + d1+ d2 0.5 + d1 0
1L-4 d1 0.5 + d1 + d2 0
1L-5 -d1 - d2 -d1 0.5
1L-6 0.5 - d1 -d1 - d2 0.5
1L-7 0.5 - d1 - d2 0.5 - d1 0.5
1L-8 -d1 0.5 - d1 - d2 0.5
2L-1 -d1 - d2 d1 0
2L-2 0.5 - d1 d1+ d2 0
2L-3 0.5 - d1 - d2 0.5 + d1 0
2L-4 -d1 0.5 + d1 + d2 0
2L-5 d1 + d2 -d1 0.5
2L-6 0.5 + d1 -d1 - d2 0.5
2L-7 0.5 +d1 + d2 0.5 - d1 0.5
2L-8 d1 0.5 - d1 - d2 0.5
Chapter 5: Control and Measurement 5.2 Structural refinement
108
direction for a film grown on a (001)-oriented pseudocubic perovskite substrate. The the in-phase
rotation axis can be oriented perpendicular to the film plane along the pseudocubic c-axis, which
would is described by the a−a−c+ pattern discussed above. If the in-phase rotation axis lies in the
plane of the film (along the pseudocubic a- or b-axis) these cases correspond to a−a+c− and the
equivalent a+a−c− rotation pattern. Density functional calculations have found that epitaxial films
with the a−a+c− or a+a−c− rotation pattern belong to the P21/m space group, while films with the
a−a−c+ pattern retain the Pbnm space group,48;51;199 and strained films with these rotation patterns
retain these space groups even when the in-plane lattice parameters are equal (a = b).51;199 The
orientation of the in-phase axis does not alter the relationship of α, β, and γ to the crystallographic
axes; γ always describes the magnitude of the rotation along the c-axis independent of whether the
pattern is a−a−c+ or a−a+c−.
The in-phase rotation of the a−a−c+ rotation pattern allows the A-site cation to displace in
a unit-cell-doubling manner. This displacement arises from optimization of the local A-O bond
environment, by changing the A-O distances. This then changes the covalency of this bond, which
in turn lowers the energy of the structure.25 The refinement model captures the A-site positions
with two fitting parameters, d1 and d2. These displacements are illustrated in Figure 5.13f. The d1
parameter describes the out-of-phase displacement of A-site cations along a <110> direction, where
the A-site cation displaces in opposite directions in adjacent layers along the in-phase rotation axis.
The d2 parameter then slightly shifts the A-site cations either towards the [100] or [010] direction.
This aligns the A-site cation along the empty rhombus-like tunnels created by the BO6 octahedra,
which is consistent with the bulk Pbnm structure. These A-site displacements are determined by
the orientation of the in-phase axis, with the displacements of the A-site cations occuring within
the plane perpendicular to the in-phase axis. In Table 5.3, the atomic positions for the oxygen
position are listed for a a−a−c+ domain, calculated using the defined α, β and γ. To achieve the
atomic positions within the a−a+c− pattern, Table 5.3 should be modified by switching the y and z
coordinates, and then exchanging angles β and γ and lattice parameters b and c. The same process
is followed for a+a−c−, except instead the x and z coordinates are switched, and the α and γ angles
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are exchanged, as are a and c.
The other factor the model must capture is the fact that within the a−a−c+ structure, there
exist 8 rotationally equivalent domains and 4 equivalent A-site displacements. These domains arise
from the α, β, and γ angles, which can be either positive or negative; these differences in the angles
are energetically degenerate when nucleating a film on a cubic substrate. To identify the domains,
they are labeled with either a + or - denoting the sign of the angle, listed in the order from α, β,
and γ. For example, if α and β are both positive and γ is negative, this would be a + +− domain.
In the absence of A-site displacements, each of these 8 domains can be sorted into 4 pairs of equal
intensity, such as the + + + domain and the −−− domain, which yields the same intensity.20
Within each rotational domain there are four equivalent A-site configurations which satisfy the
condition of displacing the cations along the long diagonal of the rhombus. These are labeled as
1R, 2R, 1L and 2L, as depicted in Figure 5.13f. In Figure 5.13f, the four possible displacements are
viewed along the c-axis for γ > 0. It can be seen that for γ >0, only the 1R and 2R cation domains
(pink and blue) are favorable, when looking at the relative locations of the A-sites cations and the
oxygen atoms. In this arrangement, the A-site cations in 2L and 1L domains are pushed close to
the oxygen atoms; in the case of γ < 0 this is reversed. In Table 5.4, all the A-site cation positions
are listed in terms of d1 and d2.
To accurately model the system, both the 4 different oxygen domains and the 4 A-site cation
domains should be combined, yielding a total of 16 possible domains within a single Pbnm-type
rotation patterns. After considering the actual position of the A-site cations with respect to the
oxygen atoms as discussed above and symmetries, it is found that there are only 8 different com-
binations that are unique for a a−a−c+ type domain: + + +1R, + + +2R, − + +1R, − + +2R,
+−+1R, +−+2R, + +−1L, and + +−2L. The space group of these can then be identified using
the FINDSYM program217, which finds that 4 domains result in Pbnm-type structure (+ + +1R,
+−+2R, ++−1L, and −++2R), and 4 result in a P21/m structrue (+++2R, +−+1R, ++−2L,
− + +1R). Therefore, if refining a film with a Pbnm structure, only the domains that result in
a Pbnm space group need to be considered. For a a−a+c− pattern a similar set of domains are
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found, after converting the oxygen positions in Table 5.3 and the A-site cation positions in Table 5.4
into a a−a+c− type structure. For the oxygen positions this is done by exchanging the positions
and angles as described above, and for the A-sites switching the y and z coordinates. In a−a+c−,
the 4 domains that are found to yield Pbnm space groups are + + +2R, + − +2L, + + −1R, and
− + +1R. The 4 domains that produce P21/m space groups are found to be + + +1R, + − +1L,
+ +−2R, −+ +2R. Similarly for a+a−c− after correcting the oxygen positions and A-site cations
for this rotation pattern (by switching the x and z), this results in the 4 Pbnm (+ + +2R, +−+1R,
++−1R, −++2L) and the 4 P21/m domains (+++1R, +−+2R, ++−2R, −++1L). In all these
cases, the relative volume fraction, Dj , of these various domains can be measured and accounted for
in the refinement procedure, which is discussed later.
5.2.2 Half-Order Peak Intensity Calculations
The atomic position refinement procedure is based on minimizing the square error of the calculated
and measured intensity for a specific set of diffraction peaks with respect to parameters α, β, γ, d1
and d2. The procedure is started by calculating the structure factor (Fhkl) given by,
Fhkl =fO2−
24∑
n=1
exp
[
2pii(Hun +Kvn + Lwn)
]
+ fA
8∑
m=1
exp
[
2pii(Hum +Kvm + Lwm)
]
+ fB
8∑
p=1
exp
[
2pii(Hup +Kvp + Lwp)
]
,
(5.1)
where fA is the atomic form factor of element A; H, K, and L are the Miller indices for a given
Bragg peak, and u, v, and w denote the atomic positions calculated from α, β, γ, d1 and d2. For
simplification, since the film is assumed to be strained to the substrate, it is assumed that α =β. This
leads to equal in-plane bond angles along the [100] and [010] directions. For films where this condition
does not hold and partial or complete strain relaxation has occurred, α and β must be treated as
independent fitting parameters. The atomic form factor for O2− is reported by Hovestreydt 218 ,
and the form factors for various metal cations can be found in the work of Brown et al 219 . An
important note here is that since the model defines a pseudocubic unit cell that has been doubled in
each direction with respect to the undistorted cubic perovskite structure, the half-order reflections
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are now calculated from odd integer Miller indices. For example, FHKL for the (
1
2 1
1
2
3
2 ) peak is
calculated using H = 1, K = 1, and L = 3 in Equation 5.1.
After calculating the structure factor (Fhkl), the calculated peak intensity of a given reflection
can be found using the following:
I = I0
1
sin(η)
1
sin(2Θ)
(
4∑
j=1
Dj |Fhkl|2
)
, (5.2)
where Dj is the volume fraction of the four possible domains and
1
sin(2Θ) is the Lorentz polarization
correction. In experiments where the incident angle is not fixed at a constant value for all measured
peaks, then a beam footprint correction, 1sin(η) , is necessary where η is the incident angle of the x-ray
beam on the sample. To find η in the case of a four-circle diffraction measurement, the following
equation is used,
sin(η) = sin(ω + θ) sin(χ). (5.3)
Here, the ω value accounts for slight adjustments of the θ motor with respect to half of the 2θ
position and χ rotates the sample about the axis parallel to the straight-through beam.220
To use Equation 5.2, it is assumed that the film only shows one rotational orientation through
thickness, for example the entire film exhibits only the a−a−c+ rotational pattern. The Dj term
only accounts for the rotational domains, such as the + + +1R domain. In actual heterostructures
where the in-phase rotation axis is found lying in the plane of the film, there can be a spatially
inhomogeneous mixture of a−a+c− / a+a−c− structures. This type of structure has been experi-
mentally observed in numerous systems.22;54;124;203;204 In this scenario, although one region of the
film exhibits a−a+c− while another region is oriented as a+a−c− and the direction of the in-phase
axis is rotated by 90°, the actual symmetry of the two regions of the film is the same. It is even
possible for there to be a mixture of all three possible orientations of the in-phase axis with regions of
a−a−c+, a−a+c−, and a+a−c− all present in the same film.22;98;175 In all these cases, Equation 5.2
Chapter 5: Control and Measurement 5.2 Structural refinement
112
is adjusted with a volume fraction for each region of the film (Vi) as follows:
I = V1Ia−a−c+ + V2Ia−a+c− + V3Ia+a−c− . (5.4)
The Iaac parameters used here are the intensities which are calculated from Equation 5.2. The volume
fractions are extracted from the intensities of systematic sets of half-order diffraction peaks.22
While the α =β assumption has already been discussed, there are other assumptions made in
this calculation. First is that B -site ions remain at the center of their octahedra in this calculation.
Second, it is expected that all sites are completely occupied. Therefore if the system had oxygen
vacancy ordering, Equation 5.1 would need to be adjusted to account for the partial occupancy of
particular oxygen sites. In addition, large populations of disordered vacancies would be expected
to create local octahedral distortions by displacing ions from the uniform positions assumed in this
model, which would in turn reduce the accuracy of this approach. Third, it is assumed that A-
site displacements in strained films occur along the same crystallographic directions as they do in
bulk. For example, if the in-phase rotation axis is orientated along the [001] direction, i.e. normal
to the film plane, then A-site displacements are along the <110> directions with some deviation
captured by the d2 parameter. This assumption is supported by previous work in Pbnm-type films,
in which the A-site displacements can be observed within the plane perpendicular to the in-phase
rotation axis through high resolution scanning transmission electron microscopy imaging.221–223
Fourth, this model does not take into account any distortions that affect the B-O-B bond lengths
outside of the included rotations. Therefore this model may not be able to adequately capture
structural information from systems that show Jahn-Teller ordering such as LaMnO3.
216;224 Lastly,
this approach does not take into account any coherent scattering effects of adjacent domains or
domain boundaries.
5.2.3 Half-Order Peak Intensity Analysis
Using Equations 5.1 and 5.2, the relative contributions of A-site displacements and octahedral rota-
tions for various half-order peaks can be calculated. For the purpose of outlining important peaks,
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Figure 5.14: Calculated cuts of the reciprocal space maps (RSMs) at (a) L = 1 and (b) L =
3
2 for a film with a
−a−c+ rotation pattern. RSMs in the first column were calculated with no
A-site displacements and α = β = γ = 6.0. RSMs in the second column were calculated with
no octahedral rotations and A-site displacement values d1 = 0.015 and d2 = 0.01. RSMs in
the third column were calculated assuming both, octahedral rotations (α = β = γ = 6.0) and
A-site displacements (d1 = 0.015, d2 = 0.01). Image reproduced from the work of M. Brahlek
and A. Choquette et al.65
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domain concentrations (Dj) were assumed to be all equal (so Dj = 1/4). Reciprocal space maps
(RSM) can be calculated to look at the contributions from the angles (α, β, γ) and the A-site dis-
placements (d1, d2) separately. An overview of the resulting RSMs is shown in Figure 5.14. Here, a
a−a−c+ rotation pattern was assumed, and cuts through the L = 1 and 32 reciprocal lattice planes
were calculated. The resulting RSMs have peaks of many different families, from three half-orders
such as ( 12
1
2
3
2 ) to those with just one half-order index such as (1 1
1
2 ). For the L = 1 RSM
(Figure 5.14a), all the peaks that appear with just the existence of rotations also appear for A-site
displacements. In addition, the peaks with H = K = n2 [example (
1
2
1
2 1)] are extinct. In the case
of the L = 32 cut, the H = K = L reflection [example (
3
2
3
2
3
2 )] is extinct in the case where there
are octahedral rotations only. When there are A-site displacements, this peak has finite intensity.
As can be seen from Figure 5.14, there are a large number of peaks that arise from the rotations
and A-site displacements, and there is also a large amount of overlap between the contributions
from the oxygens and from the A-site cations. It is critical to analyze these contributions of the
individual model terms (α, γ, d1, and d2) to the calculated peaks in order to identify key half-
order reflections to choose in order to efficiently measure and analyze peak intensities for structural
refinement. Using the conditions first presented by Glazer in 1975, initial peaks for the rotations
can be chosen.64 In the case of a a−a−c+ pattern, the a− rotations result in peaks consisting of
three half-order intensities (where two of the three are equal), for example ( 12
1
2
3
2 ) or (
1
2
3
2
3
2 ). The
c+ rotations result in peaks consisting of half-order (but unequal) indices on H and K, and the L
equal to an integer, for example ( 12
3
2 1) or (
1
2
5
2 2). The location of the integer index indicates
the direction of this in-phase axis; when there are no in-phase rotations along one of the in-plane
directions, then the half-order peaks where only H or K is an integer and the other two indices are
half-order do not develop, for example neither a ( 12 1
3
2 ) or (1
1
2
3
2 ) will be found when the film has
the c+ rotation out-of-the-plane. If all three rotations (α, β, γ) are non-zero, a (n n n2 ) peak such as
the (1 1 12 ) arises. In the case of only rotations being present, if any of these rotations is zero, this
peak is extinguished. The d1 parameter acts to displace the A-sites along opposite <110>-directions
along the + rotation axis. In the a−a−c+ pattern this leads to unit cell doubling along the [001]
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direction, which produces intense (n n n2 ) reflections seen in the second column of Figure 5.14. The
d2 displacement, shown in Figure 5.13, is the main contribution for the H = K = L half-order
reflections, such as ( 12
1
2
1
2 ).
Figure 5.15 illustrates how the intensity of important half-order Bragg reflections for the a−a−c+
structure is affected by the different parameters. Here the peak intensity is plotted as a function
of a single parameter while keeping the other three fixed. The A-site cation is set as La3+ and
the B-site cation is V3+. Starting with the (0 0 4) peak [Figure 5.15a], this peak is found to be
invariant with respect to γ, d1, and d2 and exhibits a small decrease in intensity with increasing α.
This can be understood as the γ, d1, and d2 displacements do not shift atomic positions along the
[001] direction, and thus do not alter scattering from (0 0 L) reflections. The α and β rotations do
displace the oxygen along [001], which then contributes to the intensity of the (0 0 L) reflections.
For the ( 12
1
2
3
2 ) and (
1
2
1
2
5
2 ) reflections shown in Figure 5.15b,c, γ and d1 have no effect on their
intensities, and are affected by the α angle and the d2 term. The d1 term also strongly affects the
intensity of the (1 1 12 ) shown in Figure 5.15d. For the (
1
2
1
2
1
2 ) in Figure 5.15e, the d2 term is the
only parameter that contributes to the calculated intensity. For the peaks where H 6= K and L is
an integer, shown in Figure 5.15f-h, these peaks are found to be only weakly dependent on d2 and
change with γ, albeit in a non-monotonic manner.
In the case of a film with the a−a+c− rotation pattern or mixed a−a+c− / a+a−c− domains
expected to form when grown on a substrate without in-phase rotations or when the film is under
compressive strain, similar physical arguments can be made to determine the displacement contri-
butions to various peaks. The in-phase α rotations would produce (n12 n2
n3
2 ) or (n1
n2
2
n3
2 ) peaks,
such as ( 12 1
3
2 ) and (1
1
2
3
2 ), where the half order indices are not equal. The out-of-phase angles
which are α and γ now, would yield (n12
n2
2
n3
2 ) peaks, except for when n1 = n2 = n3 and the n
integers are odd. The A-site displacements would be along <101> directions and therefore the (n
n
2 n) and (
n
2 n n) peaks would be most sensitive to the d1 parameter. The H = K = L half-order
peaks would continue to arise from the d2 parameter. The (0 0 L) peaks would now depend on α,
d1, and d2 as the A-site displacements contain motion along the [001] direction.
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Figure 5.15: Diffracted intensity of the (a) (0 0 4), (b) ( 12
1
2
3
2 ), (c) (
1
2
1
2
5
2 ), (d) (1 1
1
2 ), (e)
( 12
1
2
1
2 ), (f) (
1
2
3
2 1), (g) (
1
2
5
2 1), (h) (
1
2
3
2 2) reflection as a function of structural distortion
parameter α and γ (left plot), and d1, and d2 (right plot, given in units of percentage of the unit
cell) in order to try to deconvolute the individual contributions from a specific displacement.
Each plot shows the effect of a single parameter while all other parameters are fixed. Note
that for the displacement plot (g) and (h), the values were divided by 20, and 4, respectively
as indicated. For the cases where the intensity is constant, then the particular displacement
does not contribute intensity to the peak. The fixed values used in the calculations are α = γ
= 6°, d1 = 0.015, d2 = 0.01. The calculation was carried out for an a−a−c+ pattern with equal
populations of the 8 domains. La3+ and V3+ were used as the A- and B-site cations in these
calculations. These simulations were performed by M. Brahlek, and this image is reproduced
from the work of M. Brahlek and A. Choquette et al.65
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Based on the different intensity contributions to the half-order peaks, the following strategy for
refining atomic structure based on a judicious selection of Bragg peaks is suggested.
1. An integer (0 0 L) peak should be measured. It is suggested to use L = 4 which gives increased
separation in reciprocal lattice vector, q, between the film and substrate peak, compared to
L = 2. This is useful in minimizing intensity contributions from the substrate. All the
following half-order peaks should be normalized to this measured (0 0 4) peak, as it has
minimal intensity dependence on the oxygen and A-site displacements.
2. The next step is to identify the orientation of the in-phase axis relative to the substrate. This
is achieved by measuring (1 12
3
2 ), (
1
2 1
3
2 ), and (
1
2
3
2 1), or any other series of constant-q peaks
with one integer and two unequal half-order indices. The presence of a peak with the integer
index along H, K, or L indicates the orientation of the in-phase axis. For example, if the
( 12
3
2 1) is present but both the (1/2 1 3/2) and (1 1/2 3/2) are absent, then the film has an
a−a−c+ rotation pattern.
3. Having identified the in-phase rotation axis, a series of peaks with positive and negative indices
on H and K should next be collected to probe the volume fraction of rotational domains, Dj .
The ( 12
1
2
3
2 ), (− 12 12 32 ), ( 12 − 12 32 ), and (− 12 − 12 32 ) peaks should be measured, and if the
intensities of these peaks are found to be all equal this indicatives a population of equal
rotational domains.
4. For a a−a−c+ pattern, two additional (n12
n2
2 n3) peaks such as (
1
2
5
2 1) and (
1
2
3
2 2) should
be measured. This allows for the γ parameter to be accurately refined.
5. The (1 1 12 ) and (
1
2
1
2
1
2 ) peak should be measured allowing for d1 and d2 parameters to be
extracted. If the rotational domain populations are not equal, then these peaks should also
be measured with different combinations of positive and negative H and K values.
6. To obtain α, the ( 12
1
2
3
2 ) and (
1
2
1
2
5
2 ) peaks should be measured.
Assuming an a−a−c+ pattern and an equal volume Dj of the 4 Pbnm-type rotational domains
and using Equations 5.1 and 5.2, the oxygen and A-site positions can be extracted from the following
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8 peaks: (0 0 4), (12
1
2
3
2 ), (
1
2
1
2
5
2 ), (
1
2
1
2
1
2 ), (1 1
1
2 ), (
1
2
3
2 1), (
1
2
3
2 2), and (
1
2
5
2 1). By minimizing
the square error with respect to each parameter individually using the guidelines above, the α, γ,
d1, and d2 terms can be extracted. The total squared error was calculated using
EP =
∑
j
1
IM,j
(
IC,j
IC,004
− IM,j
IM,004
)2
(5.5)
where IC,j is the calculated intensity of the jth reflection using Equation 5.2, IM,j is the measured
intensity of the reflection, j, summed over the set of peaks proposed to refine the parameter in
question, P = α, γ, d1, or d2. The prefactor of
1
IM,j
is used to equally weight peaks of varying
intensity, for example the ( 12
1
2
3
2 ) and the (
1
2
1
2
5
2 ) reflection typically differ by nearly one order of
magnitude. The routine to find each parameter is performed as followed. First, α = γ = d1 = 0 is
used, and then the d2 value is determined by minimizing Ed2 using the measured and calculated (
1
2
1
2
1
2 ) peak. Next, the d2 is fixed at this value and then using γ = d1 = 0, the α value is refined by
minimizing Eα for the (
1
2
1
2
3
2 ) and (
1
2
1
2
5
2 ) peaks. The (1 1
1
2 ) peak intensity is similarly to find d1,
followed by the ( 12
3
2 1), (
1
2
5
2 1) and (
1
2
3
2 2) peaks to obtain γ. This sequence (d2 →α→d1 →γ →d2
→. . . ) is repeated until values for all the parameters converged, which is typically achieved after
4-5 iterations. This algorithm was found to be fairly robust when testing using simulated diffraction
data.65 It is found that it is possible to achieve the correct α and γ positions within 5% of the actual
value.
For d1 and d2 terms, a question can be ask of what the range on these values should be. To
answer this, a selection of Pbnm-type perovskites with reported crystal structures was looked at,
and the extracted d1 and d2 from these bulk systems is reported in Table 5.5. These were extracted
by importing the crystal structures into VESTA170, and a group of 8 A-site cations was chosen.
The positions of these cations was exported in relative lattice units, and then multiplied by the
respective lattice length. Since the orthorhombic [100] and [010] correspond to the [110] and [11¯0]
cubic axes, the exported positions need to be rotated 45° about the [001]. After doing this rotation,
it is a simple matter to compare the x and y positions for the A-site cations, specifically looking at
the differences in one set of A-sites along the same column. When looking at the different pairs,
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Table 5.5: Extracted values of d1 and d2 from various bulk Pbnm-type perovskites. These
values are presented in fractions of the pseudocubic unit cell and therefore are unitless.
Perovksite d1 d2 Reference
NdGaO3 0.034 0.018 Vasylechko et al
225
LaFeO3 0.030 0.012 Falcon et al
116
GdScO3 0.045 0.032 Uecker et al
226
EuFeO3 0.048 0.029 Marezio et al
23
LaGaO3 0.015 0.0066 Vasylechko et al
192,227
Figure 5.16: Crystal schematic of the previously reported NdGaO3 structure (a) and the
refined structure based on half-order peak analysis of a NdGaO3 single crystal b). The structures
are shown viewed down the in-phase rotation axis (c+ direction). The structure in a) was
reported by L. Vasylechko et al.225 Image reproduced from the work of M. Brahlek and A.
Choquette et al.65
two different displacements are found in either x or y; a large displacement which is approximately
2(d1 + d2) ∗ ap, and a smaller one that is approximately 2d1 ∗ ap. This allows an estimation of the
size of the d1 and d2 terms. Looking at Table 5.5 for this small group of Pbnm-type perovskites,
one can predict that typically the d1 > d2, and in addition, these values are typically less than 5%
(0.05) of the pseudocubic lattice parameters.
Specific Example of Single Crystal NdGaO3 (001)
As a test for the validity of this model, I measured 8 the half-order diffraction peaks identified
above in order to refine the structure of a NdGaO3 (001) single crystal. The measurements were
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Table 5.6: Table of the measured and refined peak intensities using to analyze data obtained
from a NdGaO3 single crystal. The data is normalized to the (004) peak; the measured data
(IEXP ) includes corrections for the beam footprint. The obtained parameters from the IFIT
column are α = 11.1°, γ = 7.5°, d1 = 0.022, and d2 = 0.014. The obtained parameters from
the IFIT,d=0 column are α = 17.0°, γ = 22.8°, d1 = 0, and d2 = 0. Table reproduced from the
work of M. Brahlek and A. Choquette et al.65
Peak Fit IExp/I004 IFit/I004 IFit,d=0/I004
(0 0 4) Norm. 100 100 100
( 12 − 12 32 ) α 29.79 30.01 20.67
( 12
3
2 1) γ 3.66 3.48 2.01
( 12
5
2 2) γ 1.40 2.19 0.032
(1 1 12 ) d1 130.0 136.8 3.76
( 12
1
2
1
2 ) d2 0.047 0.034 0.001
( 32
3
2
3
2 ) d2 0.044 0.047 0.008
( 12 − 12 72 ) α 2.74 3.76 0.07
performed at the Advanced Photon Source at Sector 33-BM using an incident energy of 15.5 keV
(0.8 A˚ wavelength). The normalized intensities are presented in Table 5.6, along with the parameter
that each peak was used to fit. Two different fits were performed, one where all fitting parameters
were used (α, γ, d1, and d2) and one routine where d1 and d2 were fixed at zero. In both cases,
the refinements were carried out using 99.2% volume fraction of the + + −1L domain and 0.8%
volume fraction of the + − +2R domain. In the first case considered, the following values for the
fitting parameters was found: α = 11.1°, γ = 7.5°, d1 = 0.022, and d2 = 0.014. This results in
Ga-O-Ga bond angles of 153.4° and 149.0°, which compare well with the previously reported bulk
values of 153.9° and 154.0°.225 The resultant structure and the bulk NdGaO3 structure are shown in
Figure 5.16. The total magnitude of the Nd (A-site) displacements is found to be 0.33 A˚ from this
refinement, which is slightly higher than the 0.23 A˚ found in bulk, and this can be seen in differences
of the Nd atoms between a and b in Figure 5.16. When d1 and d2 were fixed at zero, the refinement
compensates by increasing the values of the α and γ angles to 17.0° and 22.8°, respectively. This
allows the extra intensity to be covered with the oxygen displacements, and yields Ga-O-Ga bond
angles of 125.2° and 133.2° which are much distorted than those found in bulk. This helps to illustrate
the importance of including both A-site and oxygen displacements in analysis of half-order peaks
from Pbnm-type films.
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Chapter 6: Realizing the Design Rules for Hybrid Improper Ferroelectric
in (EuFeO3)n / (LaFeO3)n Superlattices
As introduced in Chapter 2, hybrid improper ferroelectricity has two necessary design rules:102
1. The material should have a layered A/A’ cation ordering along the pseudocubic [001], with
odd layering (i.e. one A layer then one A’ layer, three A layers then three A’ layers, etc.)
2. The constituent materials should exhibit the orthorhombic Pbnm structure with a a-a-c+
rotational pattern. The superlattice layering needs to be perpendicular to the orthorhombic
long axis, c in Pbnm materials systems, or along the b in the Pnma structure.
This chapter details data from EuFeO3 / LaFeO3 superlattices, confirming it is possible to synthesize
materials that meet these two design criteria. The challenges of synthesizing ([EuFeO3]n/[LaFeO3]n)
n = 1 superlattices are discussed along with the success in creating samples where n = 3. Diffraction
data for the n = 3 superlattices exhibit the expected diffraction peaks from the cation layering, and
measurement of the { 12 32 1}-type peaks on films grown on (110) and (001) GdScO3 demonstrate
the control of the in-phase rotation axis. Finally, the initial room temperature results from second
harmonic generation measurements for the substrate, superlattices, and pure phase EuFeO3 are
discussed and some possible mechanisms for the observed polar behavior are considered.
6.1 Superlattice Growth
([EuFeO3]n/[LaFeO3]n) superlattices (n=1-5) were grown on GdScO3 or DyScO3 substrates of both
(001) or (110) orientation. The (001) substrates have the in-phase rotation axis out-of-plane (per-
pendicular to the growth direction, a-a-c+), and the (110) substrates have the in-phase rotation in
one of the two in-plane directions (a-a+c- or a+a-c-). In both cases, the superlattices are under
tensile strain, with DyScO3 inducing an average of 1.1% strain and GdScO3 giving an average of
1.55% strain. In the case of pure EuFeO3, the film is under 2.3% tensile strain, and LaFeO3 film
is under 0.8 % tensile strain. Growth temperatures from 550°C to 750°C were used, with higher
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Figure 6.1: a) The (002) of a ([EuFeO3]3/[LaFeO3]3)10 superlattice grown on GdScO3
(001) and b) (002) of a ([EuFeO3]3/[LaFeO3]3)10 superlattice grown on GdScO3 (110).
Both of these scans were measured at the Advanced Photon Source. c) The (002) of a
([EuFeO3]1/[LaFeO3]1)30 superlattice grown on DyScO3 (001) measured at Drexel (black line),
along with the measured DyScO3 (0 0
3
2 ) peak (red line).
temperatures resulting in a smoother surface, but more inter-diffusion of the constituent layers. Ex-
amples of RHEED and AFM from these films has already been discussed, see Chapter 3, Sections
3.2.1 and 3.3.1.
6.1.1 Structural Data
Measured 00L scans from [EuFeO3]n/[LaFeO3]n superlattices (n=1,3) are shown in Figure 6.1.
Figure 6.1a shows a scan about the (0 0 2) of a ([EuFeO3]3/[LaFeO3]3)10 superlattice grown on
GdScO3 (001). At approximately L=1.9 and 2.25, peaks arising from the superlattice structure
can be seen. In addition, the (0 0 52 ) peak can be seen arising from the substrate. This peak
confirms the a-a-c+ orientation of the substrate. Figure 6.1b shows the same superlattice grown on
a GdScO3 (110) substrate, again with the corresponding superlattice peaks, but with the absence
of a (0 0 52 ) peak, confirming the a
-a+c- orientation of the substrate. Both these scans were
measured at sector 33-BM of the Advanced Photon Source at Argonne National Laboratory, and
each scan took approximately 15 minutes. Figure 6.1c (black line) shows a scan about the (0 0
2) of a ([EuFeO3]1/[LaFeO3]1)30 superlattice grown on DyScO3 (001), measured on the four circle
Rigaku SmartLab diffractometer located at Drexel University. The red line in Figure 6.1c shows the
DyScO3 (0 0
3
2 ) peak. Only (001) oriented Pbnm-type substrates show this peak, which makes this
a useful technique to determine substrate orientation prior to growth, with the disadvantage being
Chapter 6: Realizing Design Rules 6.1 Superlattice Growth
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the time involved in the measurement (the red line was measured over the course of 2 hours, while
both Figure 6.1a,b took 15 minutes each as they were measured at the synchrotron source).
STEM imaging on the ([EuFeO3]1/[LaFeO3]1)30 superlattices was carried out by Saurabh Ghosh
and Albina Borisevich at Oak Ridge National Laboratory. Shown in Figure 6.2 is a STEM image
and an EELS profile from a ([EuFeO3]1/[LaFeO3]1)30 on DyScO3 (001). Looking at the inset of
Figure 6.2a, the A-site displacements can be seen horizontally in the image in both the substrate
and in the film. This demonstrates that the in-phase axis is aligned parallel to the growth direction
(vertical direction in image). Figure 6.2b and c present the chemical composition of the film. It
is immediately obvious that there is no discrete layering of the A-sites found, other than a slightly
higher concentration of Eu at the film-substrate interface. Therefore, the sample is best described
as an alloy of EuFeO3 and LaFeO3, not the desired ([EuFeO3]1/[LaFeO3]1)30 superlattice. The
initial Eu-rich layer is probably due to the synthesis process. This film was grown in a layer-by-
layer deposition mode, starting with the Eu layer. The ordering likely is not present due to the
increased time at deposition temperature due to the layer-by-layer growth process which doubles
the growth time compared to co-deposition, combined with the increased ambient temperature
within the chamber from the La k-cell (1475°C). Due to this difficulty, superlattices with thicker
periodicities were grown for subsequent studies.
Greater success was achieved with superlattices where n>3, as shown in Figure 6.1. Figure 6.3a
presents a GenX fit (red line) along with the measured (002) peak (black line) of the n = 3 superlat-
tice on GdScO3 (001). The fit captures the superlattice peak locations well, but overestimates the
intensity in these peaks. This discrepancy is likely due to the inter-diffusion between the layers. This
simulation was carried out with no intermixing. The EuFeO3 c-axis lattice parameter was found as
3.846 A˚ and the LaFeO3 found as 3.867 A˚. Figure 6.3b shows the XRR scan from the same film
with a GenX fit. This fit revealed the EuFeO3 layers to be 11.17 A˚ thick (2.9 u.c.) and the LaFeO3
layers to be 12.617 A˚ (3.3 u.c.), with the average roughness of the layers to be 8.8 A˚, consistent
with inter-diffusion of the Eu and La. The superlattice is fully strained to the substrate, as can be
seen in the RSM about the (113) shown in Figure 6.3c. In addition, the in-phase rotation axis was
Chapter 6: Realizing Design Rules 6.1 Superlattice Growth
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Figure 6.2: a) STEM image of a ([EuFeO3]1/[LaFeO3]1)30 superlattice. The insert highlights
the cation displacements for both the superlattice (green) and the substrate (orange). b) An
EELS color map and c) the corresponding line profile from the same sample. No discrete layering
of the A-site layers is found. Measurement made by and image courtesy of Saurabh Ghosh and
Albina Borisevich at Oak Ridge National Laboratory.
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Figure 6.3: a) GenX fit (red line) along with the measured (002) (black line) of the ([EuFeO3]3
/ [LaFeO3]3)10 superlattice on GdScO3 (001) from Figure 6.1a. The fit gave out-of-plane lattice
parameters of 3.846 A˚ for EuFeO3 layers and 3.867 A˚ for the LaFeO3 layers. b) XRR scan from
the same film with a GenX fit, finding that the EuFeO3 layers are 11.17 A˚ thick (2.9 u.c.) and
the LaFeO3 layers are 12.62 A˚ (3.3 u.c.). The average roughness of the layers is 8.8 A˚ c) RSM
about the (113) shown for the same sample. The superlattice is fully strained to the substrate.
determined to be along the c-axis, as can be seen in Figure 6.4a, which displays the { 12 32 1} family
of peaks. The superlattice is found to mirror the substrate, with both displaying the ( 12
3
2 1) which
indicates that the in-phase rotations are out of the plane of the superlattice, a−a−c+. This same
superlattice was also grown on GdScO3 (110), as is seen in Figure 6.1b. In this case, the superlattice
was found to only display a (1 12
3
2 ) as can be seen in Figure 6.4b. This indicates that the in-phase
rotation axis is in the plane of the superlattice (a+a−c−), and again, the superlattice mirrors the
rotation axis of the substrate.
A similar ([EuFeO3]3/[LaFeO3]3)10 superlattice on DyScO3 (001) was imaged with STEM-
HAADF by Saurabh Ghosh and Albina Borisevich at Oak Ridge National Laboratory. These results
are shown in Figure 6.5. On the left is shown a STEM image of the ([EuFeO3]3/[LaFeO3]3)10 sample,
and the dotted white lines mark the approximate interfaces of each layer. The superlattice shows
regions where this ordered structure is very clear. The measured EELS (right) also reveals a clear
superlattice structure, showing that after two full superlattice periods (at approximately x=12.5
nm) the sample shows clear periodicity of the A-sites, with a nominal layering of n=3. The HAADF
image indicates where the EELS was data was collected from.
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Figure 6.4: The ( 12
3
2 1) family of peaks for ([EuFeO3]3/[LaFeO3]3)10 superlattice on (a)
GdScO3 (001) and (b) GdScO3 (110). In both cases, the superlattice displays the same half-
order peak as the substrate.
Figure 6.5: (Left) STEM image of a ([EuFeO3]3/[LaFeO3]3)10 superlattice on DyScO3 (001)
where the dotted white lines mark the approximate interfaces of each layer. (Right) EELS and
HAADF from the same film. The EELS shows a clear superlattice layering that develops after
a few layers. Results provided by Saurabh Ghosh and Albina Borisevich at Oak Ridge National
Laboratory.
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6.2 Second Harmonic Generation Results
The previous section describes the successful synthesis of superlattices motivated by predictions
of polar behavior. To probe if the samples are non-centrosymmetric, second harmonic generation
studies were performed by Yakun Yuan and Yoonsang Park who are both part of Venkat Gopalan’s
research group at Penn State University. A summary of these room temperature results is shown
in Figure 6.6. For full analysis of these results, detailed fitting is needed to extract information
about the full symmetry of the system. But, from the measured data, it is possible to gleam some
information about the direction of the polarization for each sample. These measurements are done
in transmission and the sample tilt allows for the difference between in-plane signal and out-of-plane
signal to be obtained (see Figure 3.22a for a description of the sample set up). In the case of 0° tilt
of the sample, the light is perpendicular to the surface of the sample. In this case, the measurement
is only sensitive to signals that lie in the plane of the film. When the sample is tilted (here 30°), the
measurement becomes sensitive to both the in-plane and the out-of-plane polarization.
Figure 6.6a shows the response from a bare GdScO3 substrate. The substrate is centrosymmetric,
and therefore exhibits a minimal second harmonic generation signal. Figure 6.6b presents the signal
from the ([EuFeO3]3/[LaFeO3]3)10 superlattice on GdScO3 (001) (same sample as Figure 6.3). Here,
the top panel shows the 0° response and the bottom panel shows the 30°. For the 0° data, the signal
is noise, similar to the signal from a GdScO3 substrate, whereas the 30° response reveals two lobes
of intensity. In this case the sample shows no in-plane polarization, and instead the polarization is
out-of-plane. This response is not expected; if the signal was arising from the hybrid improper fer-
roelectricity, then the polarization should be in-plane. Unexpected SHG signals were also obtained
from a superlattice of ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (110), from a EuFeO3 film on GdScO3
(110), and a LaFeO3 film on GdScO3 (110), shown in Figure 6.6c-e. The ([EuFeO3]3/[LaFeO3]3)10
superlattice on GdScO3 (110) (Figure 6.6c) does not have the proper rotation orientation to exhibit
hybrid improper ferroelectricity, whereas the EuFeO3 and the LaFeO3 films on GdScO3 (110) (Fig-
ure 6.6d,e) should be centrosymmetric. Further work is needed to resolve the origins of this second
harmonic generation signal.
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Two of the possible origins are true improper ferroelectricity, such as is found in other RFeO3
compounds82–90, where R is a rare earth which was discussed in Section 2.3.1, or strain-driven fer-
roelectricity43;81;97–99 from Section 2.3.2. In the case of the improper ferroelectricity in the RFeO3
compounds, previous work has directly related the measured ferroelectricity to the magnetic struc-
tures, and subsequently the ferroelectricity disappears at the critical temperatures associated with
the magnetic transition. Temperature dependent studies are needed to determine if the second har-
monic generation signal is present to above the Ne`el temperature of the films (671 K for EuFeO3
and 738 K for LaFeO3). If the signal persists above the Ne`el temperature, this leads credence that
the signal may be from other factors, such as strain-induced polar structure. In addition, fitting
the second harmonic generation signal will give information on the symmetry of the films, and com-
paring this with the predicted structures that develop with strain could provide evidence that the
polarization mechanism is strain-induced.
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Chapter 7: Conclusions
I have demonstrated the growth of EuFeO3 thin films using molecular beam epitaxy. The films
display the correct composition, and the Eu and Fe cations are both in the 3+ valence state. A
blue-shift of the EuFeO3 band gap was observed compared to that of LaFeO3, consistent with the
variation of electronic bandwidth with the decreasing Fe-O-Fe bond angle in the perovskite structure.
EuFeO3 was demonstrated to have a direct forbidden band gap of 2.46 eV. Moderate tensile strain
has little effect on the band gap, with minimal shift found in the optical spectra of films grown on
LSAT, SrTiO3 and GdScO3. Compressive strain, on the other hand, is found to cause a decrease
in band gap, leading one to infer that the bandwidth has then increased, as is the case for EuFeO3
films on LaAlO3.
When looking at the FeO6 octahedral rotation patterns, I find a mixed a
−a+c− and a+a−c−
rotation pattern in EuFeO3 film grown on cubic or rhombohedral substrates under strain states
ranging from 2% compressive to 0.9% tensile. In contrast, EuFeO3 grown on orthorhombic GdScO3
(110) exhibits a uniform a−a−c+ orientation matching that of the substrate. LaGaO3/SrTiO3,
LaFeO3/SrTiO3, and Eu0.7Sr0.3MnO3/SrTiO3 films were measured to better understand the uni-
versality of this behavior in Pbnm-type films. In addition, orientations from previous published
work were compiled to strengthen our understanding. The totality of the results indicates that
compressive strain results in a−a+c− and a+a−c− patterns; moderate tensile strain can result in
a−a+c− and a+a−c−, and/or a−a−c+ structures; and large values of tensile strain (>2%) tends
to favor a−a−c+. However, films on Pbnm-type substrates exhibit the same rotation pattern as
that of the substrate, indicating that substrate imprinting of the in-phase axis offers a more robust
means for deterministically controlling the rotation pattern compared to epitaxial strain. This work
enables more efficient experimental pursuits of recently predicted rotation-induced phenomena, such
as hybrid improper ferroelectricity and noncentrosymmetric metals.
With the development of a structural refinement procedure for Pbnm-type films, I have provided
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a method to accurately measure atomic structure in grown epitaxial films. This method provides
an outline for the small data set needed to be collected, and its size allows for analysis during
ongoing experiments. In addition, this method can be used in experimental planning for hypothesized
scenarios prior to carrying out the diffraction measurements. This optimized approach for refining
the structure of Pbnm perovskite thin films can play a key role in developing a deeper understanding
of coupled structural-electronic phase transitions in oxide films, heterostructure and superlattices.
Combining all this work, I was able to achieve samples synthesized to fulfill the design criteria for
hybrid improper ferroelectricity. Superlattices of ([EuFeO3]3/[LaFeO3]3)10 on DyScO3 and GdScO3
(001) demonstrate the correct orientation of the in-phase axis, relative to the A-site layering, as was
seen with both x-ray diffraction and TEM results. In addition, preliminary work on probing the
polarity in the structures is presented. These results show that while the samples are polar, there
are many other important factors involved before the realization of hybrid improper ferroelectricity.
Chapter 7: Conclusions
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Appendix A: Tabulated Sample Information
Table A.1: Figure number, the sample name, details, and location (as of 5/23/2017) for each
sample used in this dissertation.
Figure Sample Summarized Sample Details Sample
Number Name Location
3.6 b-d AC72a ([EuFeO3]1/[LaFeO3]1)30 on SrTiO3 (001) Drexel
3.7 AC72a ([EuFeO3]1/[LaFeO3]1)30 on SrTiO3 (001) Drexel
3.8 AC92a ([EuFeO3]3/[LaFeO3]3)10 on SrTiO3 (001) Drexel
3.9 a AC67b 60 u.c. Eu1Fe0.83O3 on SrTiO3 (001) Drexel
3.9 b AC72a ([EuFeO3]1/[LaFeO3]1)30 on SrTiO3 (001) Drexel
3.9 c AC62 60 u.c. Eu0.77Fe1O3 on SrTiO3 (001) Drexel
3.10 AC92a ([EuFeO3]3/[LaFeO3]3)10 on SrTiO3 (001) Drexel
3.11 top row
AC67 60 u.c. Eu1Fe0.83O3 on SrTiO3 (001) Drexel
AC66 60 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
AC62 60 u.c. Eu0.77Fe1O3 on SrTiO3 (001) Drexel
3.11 middle row
AC46 100 u.c. La1Fe0.48O3 on SrTiO3 (001) Drexel
MS185 100 u.c. La1Fe0.87O3 on SrTiO3 (001) Drexel
AC51 100 u.c. La0.97Fe1O3 on SrTiO3 (001) Drexel
AC57 40 u.c. La0.92Fe1O3 on SrTiO3 (001) Drexel
AC48 100 u.c. La0.67Fe1O3 on SrTiO3 (001) Drexel
3.11 bottom row
MS180 100 u.c. La1Mn0.50O3 on SrTiO3 (001) Drexel
AC49 100 u.c. La0.96Mn1O3 on SrTiO3 (001) Drexel
AC47 101 u.c. La0.87Mn1O3 on SrTiO3 (001) Drexel
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3.16 AC72c ([EuFeO3]1/[LaFeO3]1)30 on DyScO3 (001) Drexel (b,d are
at Oak Ridge)
3.19 AC12 80 u.c. Eu0.73Fe1O3 on SrTiO3 (001) Drexel
3.20 AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
3.21 AC65 ∼ 30 nm La2O3 on MgO Drexel
4.1 a, e AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
4.1 b, f AC15 40 u.c. Eu0.97Fe1O3 on LSAT (001) Drexel
4.1 c, d AC19 62 u.c. Eu1Fe0.98O3 on SrTiO3 (001) Drexel
4.2 a AC16 70 u.c. EuFeO3 on SrTiO3 (001) Drexel
4.2 b AC19 62 u.c. Eu1Fe0.98O3 on SrTiO3 (001) Drexel
4.2 c,d AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
4.3, 4.4 AC07 60 u.c. Eu1Fe0.99O3 on SrTiO3 (001) PNNL
(destroyed)
4.5 AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
4.6 a
AC19 62 u.c. Eu1Fe0.98O3 on SrTiO3 (001) Drexel
MS105 86 u.c. La1Fe0.92O3 on SrTiO3 (001) Drexel
4.6 b
AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
AC15 40 u.c. Eu0.97Fe1O3 on LSAT (001) Drexel
4.7
AC19 62 u.c. Eu1Fe0.98O3 on SrTiO3 (001) Drexel
MS105 86 u.c. La1Fe0.92O3 on SrTiO3 (001) Drexel
4.7
AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
AC15 40 u.c. Eu0.97Fe1O3 on LSAT (001) Drexel
AC15 40 u.c. Eu0.97Fe1O3 on LaAlO3 (001) Drexel
AC15 40 u.c. Eu0.97Fe1O3 on GdScO3 (110) Penn State
5.1, 5.2, AC15 40 u.c. Eu0.97Fe1O3 on SrTiO3 (001) Drexel
5.3, 5.4, AC15 40 u.c. Eu0.97Fe1O3 on LSAT (001) Drexel
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5.5, 5.6, AC15 40 u.c. Eu0.97Fe1O3 on LaAlO3 (001) Drexel
5.7, 5.8 AC15 40 u.c. Eu0.97Fe1O3 on GdScO3 (110) Penn State
5.9 a Sample provided by Fabio Miletto Granozio
5.9 b Sample provided by Eun Ju Moon
5.9 c Sample provided by Mark Scafetta
5.11 (all) AC95e 67 u.c. LaMnO3 on NdGaO3 (001) Drexel
6.1 a AC94c ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (001) Penn State
6.1 b AC94b ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (110) Penn State
6.1 c AC71b ([EuFeO3]1/[LaFeO3]1)30 on DyScO3 (001) XX
6.2 AC72b ([EuFeO3]1/[LaFeO3]1)30 on DyScO3 (001) Oak Ridge
6.3 AC94c ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (001) Penn State
6.4 a AC94c ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (001) Penn State
6.4 b AC94b ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (110) Penn State
6.5 AC100b ([EuFeO3]3/[LaFeO3]3)10 on DyScO3 (001) Penn State
6.6 b AC94c ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (001) Penn State
6.6 c AC94b ([EuFeO3]3/[LaFeO3]3)10 on GdScO3 (110) Penn State
6.6 d AC15 40 u.c. Eu0.97Fe1O3 on GdScO3 (110) Penn State
6.6 e MS88 100 u.c. La0.94Fe1O3 on GdScO3 (110) Penn State
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Appendix B: Python Based Structure Calculation Code
The model of the Pbnm system needed in order to refine the structure of Pbnm film, as is presented
in Journal of Applied Physics in early 2017.65 This is the most current version as of April 27th,
2017. This only implements the structure, and to calculate an intensity, the function
intensity(
hkl, a, b, c, alpha, beta, gamma, d1, d2, ortho_domain, domains, eta, wavelength
)
is used to calculate intensity for one peak, hkl, given the parameters, a, b, c (pseudocubic lat-
tice parameters), alpha, beta, gamma (octahedral rotation angles), d1, d2 (A-site displacements),
ortho domains (the concentration of a−a−c+, a−a+c−, and a+a−c−), domains (concentration of
the Pbnm or P21/m domains for each orthrombic domain), the eta from the measurement, and the
wavelength used.
1 """ The simplified Structure calucuation code.
2
3 This should be the backbone to all calculations. Needed inputs from the user
4 are: alpha , beta , gamma (in radians), a, b, c, (in A), d1, d2 (a-site
5 displacements), concentration of domains (8 terms , 4 refering to the Pbnm type
6 domain , 4 refereing to the P21/m domain), h, k, l, eta (in degrees), measured
7 intensity (for each peak) and wavelength. The angles areasumed to be converted
8 to radians prior to calculations done here.
9
10 The fucntion call "Intensity_for_a_set(
11 hkls , a, b, c, alpha , beta , gamma ,
12 d1, d2 , ortho_domain , domains ,
13 etas , wavelength , Measured_inten)"
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14 can support any number of peaks hkl , if "hkls" input is in the format of
15 (peak1 , peak2 , ...), if peak1 is (h, k, l).
16
17 For the structure calculations , there are 8 domain possible.
18
19 For now , the fn of the elements are hardcoded in. New ones are added in the
20 indicated area.
21
22 There is no GUI , and no fitting is done in this version. This is only the
23 structure parameters and generated intensity.
24
25 ONLY USE IN PYTHON 2!!!
26
27 Last updated 03/27/2017
28 """
29 import math #for checking
30
31 def q_vector(a, b, c, hkl):
32 """ Defining the q-vector for the given hkl.
33 hkl should be provided in a list
34 """
35 anew=a*2
36 bnew=b*2
37 cnew=c*2
38 prefac =(math.pi*2)
39 arlu=prefac/anew
40 brlu=prefac/bnew
41 crlu=prefac/cnew
42 ah = hkl [0]* arlu
43 bk = hkl [1]* brlu
44 cl = hkl [2]* crlu
45 q = math.sqrt(ah**2+bk**2+cl**2)
46 return q
47
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48 def theta(wavelength , q):
49 """ calculate the theta from the exprement """
50 theta=math.asin(( wavelength*q)/(4* math.pi))
51 return theta
52
53 def amamcp_ppp(a, b, c, alpha , beta , gamma):
54 """ defining the 24 oxygen positions for the a-a-c+ +++ domain.
55
56 Make sure that alpha , beta , and gamma are in radians before running.
57 Returns a tuple of the 24 oxygen positions in (x, y, z)
58 """
59 mmpppp = (
60 (0.25+((c*math.tan(beta))/(a*4)) ,0.25-((c*math.tan(alpha))/(a*4)) ,0),
61 (0.25 -((c*math.tan(beta))/(a*4)) ,0.75+((c*math.tan(alpha))/(a*4)) ,0),
62 (0.75+((c*math.tan(beta))/(a*4)) ,0.75-((c*math.tan(alpha))/(a*4)) ,0),
63 (0.75 -((c*math.tan(beta))/(a*4)) ,0.25+((c*math.tan(alpha))/(a*4)) ,0),
64 (0 ,0.25+((a*math.tan(gamma))/(b*4)) ,0.25-(a*math.tan(beta)/(c*4))),
65 (0.25 -((b*math.tan(gamma))/(a*4)) ,0,0.25+(b*math.tan(alpha)/(c*4))),
66 (0.5 ,0.25 -((a*math.tan(gamma))/(b*4)) ,0.25+(a*math.tan(beta)/(c*4))),
67 (0.25+((b*math.tan(gamma))/(a*4)) ,0.5,0.25-(b*math.tan(alpha)/(c*4))),
68 (0,0.75-(a*math.tan(gamma)/(b*4)) ,0.25+(a*math.tan(beta)/(c*4))),
69 (0.5 ,0.75+(a*math.tan(gamma)/(b*4)) ,0.25-(a*math.tan(beta)/(c*4))),
70 (0.75 -(b*math.tan(gamma)/(a*4)) ,0.5 ,0.25+(b*math.tan(alpha)/(c*4))),
71 (0.75+(b*math.tan(gamma)/(a*4)) ,0,0.25-(b*math.tan(alpha)/(c*4))),
72 (0.25 -(c*math.tan(beta)/(a*4)) ,0.25+(c*math.tan(alpha)/(b*4)) ,0.5),
73 (0.25+(c*math.tan(beta)/(a*4)) ,0.75-(c*math.tan(alpha)/(b*4)) ,0.5),
74 (0.75 -(c*math.tan(beta)/(a*4)) ,0.75+(c*math.tan(alpha)/(b*4)) ,0.5),
75 (0.75+(c*math.tan(beta)/(a*4)) ,0.25-(c*math.tan(alpha)/(b*4)) ,0.5),
76 (0 ,0.25+(a*math.tan(gamma)/(b*4)) ,0.75+(a*math.tan(beta)/(c*4))),
77 (0.25 -(b*math.tan(gamma)/(a*4)) ,0,0.75-(b*math.tan(alpha)/(c*4))),
78 (0.5 ,0.25 -(a*math.tan(gamma)/(b*4)) ,0.75-(a*math.tan(beta)/(c*4))),
79 (0.25+(b*math.tan(gamma)/(a*4)) ,0.5 ,0.75+(b*math.tan(alpha)/(c*4))),
80 (0,0.75-(a*math.tan(gamma)/(b*4)) ,0.75-(a*math.tan(beta)/(c*4))),
81 (0.5 ,0.75+(a*math.tan(gamma)/(b*4)) ,0.75+(a*math.tan(beta)/(c*4))),
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82 (0.75 -(b*math.tan(gamma)/(a*4)) ,0.5,0.75-(b*math.tan(alpha)/(c*4))),
83 (0.75+(b*math.tan(gamma)/(a*4)) ,0,0.75+(b*math.tan(alpha)/(c*4)))
84 )
85 return mmpppp
86
87 def amamcp_pmp(a, b, c, alpha , beta , gamma):
88 """ defining the 24 oxygen positions for the a-a-c+ +-+ domain.
89 Make sure that alpha , beta , and gamma are in radians before running.
90 Returns a tuple of the 24 oxygen positions in (x, y, z)
91 """
92 mmppmp =(
93 (0.25+((c*math.tan(-beta))/(a*4)) ,0.25-((c*math.tan(alpha))/(a*4)) ,0),
94 (0.25 -((c*math.tan(-beta))/(a*4)) ,0.75+((c*math.tan(alpha))/(a*4)) ,0),
95 (0.75+((c*math.tan(-beta))/(a*4)) ,0.75-((c*math.tan(alpha))/(a*4)) ,0),
96 (0.75 -((c*math.tan(-beta))/(a*4)) ,0.25+((c*math.tan(alpha))/(a*4)) ,0),
97 (0 ,0.25+((a*math.tan(gamma))/(b*4)) ,0.25-(a*math.tan(-beta)/(c*4))),
98 (0.25 -((b*math.tan(gamma))/(a*4)) ,0,0.25+(b*math.tan(alpha)/(c*4))),
99 (0.5 ,0.25 -((a*math.tan(gamma))/(b*4)) ,0.25+(a*math.tan(-beta)/(c*4))),
100 (0.25+((b*math.tan(gamma))/(a*4)) ,0.5,0.25-(b*math.tan(alpha)/(c*4))),
101 (0,0.75-(a*math.tan(gamma)/(b*4)) ,0.25+(a*math.tan(-beta)/(c*4))),
102 (0.5 ,0.75+(a*math.tan(gamma)/(b*4)) ,0.25-(a*math.tan(-beta)/(c*4))),
103 (0.75 -(b*math.tan(gamma)/(a*4)) ,0.5 ,0.25+(b*math.tan(alpha)/(c*4))),
104 (0.75+(b*math.tan(gamma)/(a*4)) ,0,0.25-(b*math.tan(alpha)/(c*4))),
105 (0.25 -(c*math.tan(-beta)/(a*4)) ,0.25+(c*math.tan(alpha)/(b*4)) ,0.5),
106 (0.25+(c*math.tan(-beta)/(a*4)) ,0.75-(c*math.tan(alpha)/(b*4)) ,0.5),
107 (0.75 -(c*math.tan(-beta)/(a*4)) ,0.75+(c*math.tan(alpha)/(b*4)) ,0.5),
108 (0.75+(c*math.tan(-beta)/(a*4)) ,0.25-(c*math.tan(alpha)/(b*4)) ,0.5),
109 (0 ,0.25+(a*math.tan(gamma)/(b*4)) ,0.75+(a*math.tan(-beta)/(c*4))),
110 (0.25 -(b*math.tan(gamma)/(a*4)) ,0,0.75-(b*math.tan(alpha)/(c*4))),
111 (0.5 ,0.25 -(a*math.tan(gamma)/(b*4)) ,0.75-(a*math.tan(-beta)/(c*4))),
112 (0.25+(b*math.tan(gamma)/(a*4)) ,0.5 ,0.75+(b*math.tan(alpha)/(c*4))),
113 (0,0.75-(a*math.tan(gamma)/(b*4)) ,0.75-(a*math.tan(-beta)/(c*4))),
114 (0.5 ,0.75+(a*math.tan(gamma)/(b*4)) ,0.75+(a*math.tan(-beta)/(c*4))),
115 (0.75 -(b*math.tan(gamma)/(a*4)) ,0.5,0.75-(b*math.tan(alpha)/(c*4))),
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116 (0.75+(b*math.tan(gamma)/(a*4)) ,0,0.75+(b*math.tan(alpha)/(c*4)))
117 )
118 return mmppmp
119
120 def amamcp_mpp(a, b, c, alpha , beta , gamma):
121 """ defining the 24 oxygen positions for the a-a-c+ -++ domain.
122 Make sure that alpha , beta , and gamma are in radians before running.
123 Returns a tuple of the 24 oxygen positions in (x, y, z)
124 """
125 mmpmpp =(
126 (0.25+((c*math.tan(beta))/(a*4)) ,0.25-((c*math.tan(-alpha))/(a*4)) ,0),
127 (0.25 -((c*math.tan(beta))/(a*4)) ,0.75+((c*math.tan(-alpha))/(a*4)) ,0),
128 (0.75+((c*math.tan(beta))/(a*4)) ,0.75-((c*math.tan(-alpha))/(a*4)) ,0),
129 (0.75 -((c*math.tan(beta))/(a*4)) ,0.25+((c*math.tan(-alpha))/(a*4)) ,0),
130 (0 ,0.25+((a*math.tan(gamma))/(b*4)) ,0.25-(a*math.tan(beta)/(c*4))),
131 (0.25 -((b*math.tan(gamma))/(a*4)) ,0,0.25+(b*math.tan(-alpha)/(c*4))),
132 (0.5 ,0.25 -((a*math.tan(gamma))/(b*4)) ,0.25+(a*math.tan(beta)/(c*4))),
133 (0.25+((b*math.tan(gamma))/(a*4)) ,0.5,0.25-(b*math.tan(-alpha)/(c*4))),
134 (0,0.75-(a*math.tan(gamma)/(b*4)) ,0.25+(a*math.tan(beta)/(c*4))),
135 (0.5 ,0.75+(a*math.tan(gamma)/(b*4)) ,0.25-(a*math.tan(beta)/(c*4))),
136 (0.75 -(b*math.tan(gamma)/(a*4)) ,0.5 ,0.25+(b*math.tan(-alpha)/(c*4))),
137 (0.75+(b*math.tan(gamma)/(a*4)) ,0,0.25-(b*math.tan(-alpha)/(c*4))),
138 (0.25 -(c*math.tan(beta)/(a*4)) ,0.25+(c*math.tan(-alpha)/(b*4)) ,0.5),
139 (0.25+(c*math.tan(beta)/(a*4)) ,0.75-(c*math.tan(-alpha)/(b*4)) ,0.5),
140 (0.75 -(c*math.tan(beta)/(a*4)) ,0.75+(c*math.tan(-alpha)/(b*4)) ,0.5),
141 (0.75+(c*math.tan(beta)/(a*4)) ,0.25-(c*math.tan(-alpha)/(b*4)) ,0.5),
142 (0 ,0.25+(a*math.tan(gamma)/(b*4)) ,0.75+(a*math.tan(beta)/(c*4))),
143 (0.25 -(b*math.tan(gamma)/(a*4)) ,0,0.75-(b*math.tan(-alpha)/(c*4))),
144 (0.5 ,0.25 -(a*math.tan(gamma)/(b*4)) ,0.75-(a*math.tan(beta)/(c*4))),
145 (0.25+(b*math.tan(gamma)/(a*4)) ,0.5 ,0.75+(b*math.tan(-alpha)/(c*4))),
146 (0,0.75-(a*math.tan(gamma)/(b*4)) ,0.75-(a*math.tan(beta)/(c*4))),
147 (0.5 ,0.75+(a*math.tan(gamma)/(b*4)) ,0.75+(a*math.tan(beta)/(c*4))),
148 (0.75 -(b*math.tan(gamma)/(a*4)) ,0.5,0.75-(b*math.tan(-alpha)/(c*4))),
149 (0.75+(b*math.tan(gamma)/(a*4)) ,0,0.75+(b*math.tan(-alpha)/(c*4)))
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150 )
151 return mmpmpp
152
153 def amamcp_ppm(a, b, c, alpha , beta , gamma):
154 """ defining the 24 oxygen positions for the a-a-c+ ++- domain.
155 Make sure that alpha , beta , and gamma are in radians before running.
156 Returns a tuple of the 24 oxygen positions in (x, y, z)
157 """
158 mmpppm = (
159 (0.25+((c*math.tan(beta))/(a*4)) ,0.25-((c*math.tan(alpha))/(a*4)) ,0),
160 (0.25 -((c*math.tan(beta))/(a*4)) ,0.75+((c*math.tan(alpha))/(a*4)) ,0),
161 (0.75+((c*math.tan(beta))/(a*4)) ,0.75-((c*math.tan(alpha))/(a*4)) ,0),
162 (0.75 -((c*math.tan(beta))/(a*4)) ,0.25+((c*math.tan(alpha))/(a*4)) ,0),
163 (0 ,0.25+((a*math.tan(-gamma))/(b*4)) ,0.25-(a*math.tan(beta)/(c*4))),
164 (0.25 -((b*math.tan(-gamma))/(a*4)) ,0 ,0.25+(b*math.tan(alpha)/(c*4))),
165 (0.5 ,0.25 -((a*math.tan(-gamma))/(b*4)) ,0.25+(a*math.tan(beta)/(c*4))),
166 (0.25+((b*math.tan(-gamma))/(a*4)) ,0.5,0.25-(b*math.tan(alpha)/(c*4))),
167 (0,0.75-(a*math.tan(-gamma)/(b*4)) ,0.25+(a*math.tan(beta)/(c*4))),
168 (0.5 ,0.75+(a*math.tan(-gamma)/(b*4)) ,0.25-(a*math.tan(beta)/(c*4))),
169 (0.75 -(b*math.tan(-gamma)/(a*4)) ,0.5 ,0.25+(b*math.tan(alpha)/(c*4))),
170 (0.75+(b*math.tan(-gamma)/(a*4)) ,0,0.25-(b*math.tan(alpha)/(c*4))),
171 (0.25 -(c*math.tan(beta)/(a*4)) ,0.25+(c*math.tan(alpha)/(b*4)) ,0.5),
172 (0.25+(c*math.tan(beta)/(a*4)) ,0.75-(c*math.tan(alpha)/(b*4)) ,0.5),
173 (0.75 -(c*math.tan(beta)/(a*4)) ,0.75+(c*math.tan(alpha)/(b*4)) ,0.5),
174 (0.75+(c*math.tan(beta)/(a*4)) ,0.25-(c*math.tan(alpha)/(b*4)) ,0.5),
175 (0 ,0.25+(a*math.tan(-gamma)/(b*4)) ,0.75+(a*math.tan(beta)/(c*4))),
176 (0.25 -(b*math.tan(-gamma)/(a*4)) ,0,0.75-(b*math.tan(alpha)/(c*4))),
177 (0.5 ,0.25 -(a*math.tan(-gamma)/(b*4)) ,0.75-(a*math.tan(beta)/(c*4))),
178 (0.25+(b*math.tan(-gamma)/(a*4)) ,0.5 ,0.75+(b*math.tan(alpha)/(c*4))),
179 (0,0.75-(a*math.tan(-gamma)/(b*4)) ,0.75-(a*math.tan(beta)/(c*4))),
180 (0.5 ,0.75+(a*math.tan(-gamma)/(b*4)) ,0.75+(a*math.tan(beta)/(c*4))),
181 (0.75 -(b*math.tan(-gamma)/(a*4)) ,0.5,0.75-(b*math.tan(alpha)/(c*4))),
182 (0.75+(b*math.tan(-gamma)/(a*4)) ,0,0.75+(b*math.tan(alpha)/(c*4)))
183 )
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184 return mmpppm
185
186 def amapcm_ppp(a, b, c, alpha , beta , gamma):
187 """ defining the 24 oxygen positions for the a-a+c- +++ domain.
188 Make sure that alpha , beta , and gamma are in radians before running.
189 Returns a tuple of the 24 oxygen positions in (x, y, z)
190 """
191 mpmppp =(
192 (0.25+((b*math.tan(gamma))/(a*4)), 0, 0.25 -((b*math.tan(alpha))/(c*4))),
193 (0.25 -((b*math.tan(gamma))/(a*4)), 0, 0.75+((b*math.tan(alpha))/(c*4))),
194 (0.75+((b*math.tan(gamma))/(a*4)), 0, 0.75 -((b*math.tan(alpha))/(c*4))),
195 (0.75 -((b*math.tan(gamma))/(a*4)), 0, 0.25+((b*math.tan(alpha))/(c*4))),
196 (0, 0.25 -((a*math.tan(gamma))/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
197 (0.25 -((c*math.tan(beta))/(a*4)), 0.25+(c*math.tan(alpha)/(b*4)), 0),
198 (0.5, 0.25+((a*math.tan(gamma))/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
199 (0.25+((c*math.tan(beta))/(a*4)), 0.25-(c*math.tan(alpha)/(b*4)), 0.5),
200 (0, 0.25+(a*math.tan(gamma)/(b*4)), 0.75 -(a*math.tan(beta)/(c*4))),
201 (0.5, 0.25 -(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
202 (0.75 -(c*math.tan(beta)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
203 (0.75+(c*math.tan(beta)/(a*4)), 0, 0.25-(b*math.tan(alpha)/(c*4))),
204 (0.25 -(b*math.tan(gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
205 (0.25+(b*math.tan(gamma)/(a*4)), 0.5, 0.75 -(b*math.tan(alpha)/(c*4))),
206 (0.75 -(b*math.tan(gamma)/(a*4)), 0.5, 0.75+(b*math.tan(alpha)/(c*4))),
207 (0.75+(b*math.tan(gamma)/(a*4)), 0.5, 0.25 -(b*math.tan(alpha)/(c*4))),
208 (0, 0.75+(a*math.tan(gamma)/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
209 (0.25 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
210 (0.5, 0.75 -(c*math.tan(gamma)/(b*4)), 0.25-(a*math.tan(beta)/(c*4))),
211 (0.25+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
212 (0, 0.75-(a*math.tan(gamma)/(b*4)), 0.75 -(a*math.tan(beta)/(c*4))),
213 (0.5, 0.75+(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
214 (0.75 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0.5),
215 (0.75+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0)
216 )
217 return mpmppp
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218
219 def amapcm_pmp(a, b, c, alpha , beta , gamma):
220 """ defining the 24 oxygen positions for the a-a+c- +-+ domain.
221 Make sure that alpha , beta , and gamma are in radians before running.
222 Returns a tuple of the 24 oxygen positions in (x, y, z)
223 """
224 mpmpmp =(
225 (0.25+((b*math.tan(gamma))/(a*4)), 0, 0.25 -((b*math.tan(alpha))/(c*4))),
226 (0.25 -((b*math.tan(gamma))/(a*4)), 0, 0.75+((b*math.tan(alpha))/(c*4))),
227 (0.75+((b*math.tan(gamma))/(a*4)), 0, 0.75 -((b*math.tan(alpha))/(c*4))),
228 (0.75 -((b*math.tan(gamma))/(a*4)), 0, 0.25+((b*math.tan(alpha))/(c*4))),
229 (0, 0.25 -((a*math.tan(gamma))/(b*4)), 0.25+(a*math.tan(-beta)/(c*4))),
230 (0.25 -((c*math.tan(-beta))/(a*4)), 0.25+(c*math.tan(alpha)/(b*4)), 0),
231 (0.5, 0.25+((a*math.tan(gamma))/(b*4)), 0.25+(a*math.tan(-beta)/(c*4))),
232 (0.25+((c*math.tan(-beta))/(a*4)), 0.25-(c*math.tan(alpha)/(b*4)), 0.5),
233 (0, 0.25+(a*math.tan(gamma)/(b*4)), 0.75 -(a*math.tan(-beta)/(c*4))),
234 (0.5, 0.25 -(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(-beta)/(c*4))),
235 (0.75 -(c*math.tan(-beta)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
236 (0.75+(c*math.tan(-beta)/(a*4)), 0, 0.25-(b*math.tan(alpha)/(c*4))),
237 (0.25 -(b*math.tan(gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
238 (0.25+(b*math.tan(gamma)/(a*4)), 0.5, 0.75 -(b*math.tan(alpha)/(c*4))),
239 (0.75 -(b*math.tan(gamma)/(a*4)), 0.5, 0.75+(b*math.tan(alpha)/(c*4))),
240 (0.75+(b*math.tan(gamma)/(a*4)), 0.5, 0.25 -(b*math.tan(alpha)/(c*4))),
241 (0, 0.75+(a*math.tan(gamma)/(b*4)), 0.25+(a*math.tan(-beta)/(c*4))),
242 (0.25 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
243 (0.5, 0.75 -(c*math.tan(gamma)/(b*4)), 0.25-(a*math.tan(-beta)/(c*4))),
244 (0.25+(c*math.tan(-beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
245 (0, 0.75-(a*math.tan(gamma)/(b*4)), 0.75 -(a*math.tan(-beta)/(c*4))),
246 (0.5, 0.75+(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(-beta)/(c*4))),
247 (0.75 -(c*math.tan(-beta)/(a*4)), 0.75 -(c*math.tan(alpha)/(b*4)), 0.5),
248 (0.75+(c*math.tan(-beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0)
249 )
250 return mpmpmp
251
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252 def amapcm_mpp(a, b, c, alpha , beta , gamma):
253 """ defining the 24 oxygen positions for the a-a+c- _++ domain.
254 Make sure that alpha , beta , and gamma are in radians before running.
255 Returns a tuple of the 24 oxygen positions in (x, y, z)
256 """
257 mpmmpp =(
258 (0.25+((b*math.tan(gamma))/(a*4)), 0, 0.25 -((b*math.tan(-alpha))/(c*4))),
259 (0.25 -((b*math.tan(gamma))/(a*4)), 0, 0.75+((b*math.tan(-alpha))/(c*4))),
260 (0.75+((b*math.tan(gamma))/(a*4)), 0, 0.75 -((b*math.tan(-alpha))/(c*4))),
261 (0.75 -((b*math.tan(gamma))/(a*4)), 0, 0.25+((b*math.tan(-alpha))/(c*4))),
262 (0, 0.25 -((a*math.tan(gamma))/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
263 (0.25 -((c*math.tan(beta))/(a*4)), 0.25+(c*math.tan(-alpha)/(b*4)), 0),
264 (0.5, 0.25+((a*math.tan(gamma))/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
265 (0.25+((c*math.tan(beta))/(a*4)), 0.25-(c*math.tan(-alpha)/(b*4)), 0.5),
266 (0, 0.25+(a*math.tan(gamma)/(b*4)), 0.75 -(a*math.tan(beta)/(c*4))),
267 (0.5, 0.25 -(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
268 (0.75 -(c*math.tan(beta)/(a*4)), 0.5, 0.25+(b*math.tan(-alpha)/(c*4))),
269 (0.75+(c*math.tan(beta)/(a*4)), 0, 0.25-(b*math.tan(-alpha)/(c*4))),
270 (0.25 -(b*math.tan(gamma)/(a*4)), 0.5, 0.25+(b*math.tan(-alpha)/(c*4))),
271 (0.25+(b*math.tan(gamma)/(a*4)), 0.5, 0.75 -(b*math.tan(-alpha)/(c*4))),
272 (0.75 -(b*math.tan(gamma)/(a*4)), 0.5, 0.75+(b*math.tan(-alpha)/(c*4))),
273 (0.75+(b*math.tan(gamma)/(a*4)), 0.5, 0.25 -(b*math.tan(-alpha)/(c*4))),
274 (0, 0.75+(a*math.tan(gamma)/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
275 (0.25 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(-alpha)/(b*4)), 0),
276 (0.5, 0.75 -(c*math.tan(gamma)/(b*4)), 0.25-(a*math.tan(beta)/(c*4))),
277 (0.25+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(-alpha)/(b*4)), 0.5),
278 (0, 0.75-(a*math.tan(gamma)/(b*4)), 0.75 -(a*math.tan(beta)/(c*4))),
279 (0.5, 0.75+(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
280 (0.75 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(-alpha)/(b*4)), 0.5),
281 (0.75+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(-alpha)/(b*4)), 0)
282 )
283 return mpmmpp
284
285 def amapcm_ppm(a, b, c, alpha , beta , gamma):
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286 """ defining the 24 oxygen positions for the a-a+c- ++- domain.
287 Make sure that alpha , beta , and gamma are in radians before running.
288 Returns a tuple of the 24 oxygen positions in (x, y, z)
289 """
290 mpmppm =(
291 (0.25+((b*math.tan(-gamma))/(a*4)), 0, 0.25 -((b*math.tan(alpha))/(c*4))),
292 (0.25 -((b*math.tan(-gamma))/(a*4)), 0, 0.75+((b*math.tan(alpha))/(c*4))),
293 (0.75+((b*math.tan(-gamma))/(a*4)), 0, 0.75 -((b*math.tan(alpha))/(c*4))),
294 (0.75 -((b*math.tan(-gamma))/(a*4)), 0, 0.25+((b*math.tan(alpha))/(c*4))),
295 (0, 0.25 -((a*math.tan(-gamma))/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
296 (0.25 -((c*math.tan(beta))/(a*4)), 0.25+(c*math.tan(alpha)/(b*4)), 0),
297 (0.5, 0.25+((a*math.tan(-gamma))/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
298 (0.25+((c*math.tan(beta))/(a*4)), 0.25-(c*math.tan(alpha)/(b*4)), 0.5),
299 (0, 0.25+(a*math.tan(-gamma)/(b*4)), 0.75 -(a*math.tan(beta)/(c*4))),
300 (0.5, 0.25 -(a*math.tan(-gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
301 (0.75 -(c*math.tan(beta)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
302 (0.75+(c*math.tan(beta)/(a*4)), 0, 0.25-(b*math.tan(alpha)/(c*4))),
303 (0.25 -(b*math.tan(-gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
304 (0.25+(b*math.tan(-gamma)/(a*4)), 0.5, 0.75-(b*math.tan(alpha)/(c*4))),
305 (0.75 -(b*math.tan(-gamma)/(a*4)), 0.5, 0.75+(b*math.tan(alpha)/(c*4))),
306 (0.75+(b*math.tan(-gamma)/(a*4)), 0.5, 0.25-(b*math.tan(alpha)/(c*4))),
307 (0, 0.75+(a*math.tan(-gamma)/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
308 (0.25 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
309 (0.5, 0.75 -(c*math.tan(-gamma)/(b*4)), 0.25-(a*math.tan(beta)/(c*4))),
310 (0.25+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
311 (0, 0.75-(a*math.tan(-gamma)/(b*4)), 0.75 -(a*math.tan(beta)/(c*4))),
312 (0.5, 0.75+(a*math.tan(-gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
313 (0.75 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0.5),
314 (0.75+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0)
315 )
316 return mpmppm
317
318 def apamcm_ppp(a, b, c, alpha , beta , gamma):
319 """ defining the 24 oxygen positions for the a+a-c- +++ domain.
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320 Make sure that alpha , beta , and gamma are in radians before running.
321 Returns a tuple of the 24 oxygen positions in (x, y, z)
322 """
323 pmmppp =(
324 (0, 0.25 -((a*math.tan(gamma))/(c*4)), 0.25+((a*math.tan(beta))/(c*4))),
325 (0, 0.75+((a*math.tan(gamma))/(c*4)), 0.25 -((a*math.tan(beta))/(c*4))),
326 (0, 0.75 -((a*math.tan(gamma))/(c*4)), 0.75+((a*math.tan(beta))/(c*4))),
327 (0, 0.25+((a*math.tan(gamma))/(c*4)), 0.75 -((a*math.tan(beta))/(c*4))),
328 (0.25 -(c*math.tan(beta)/(a*4)), 0.25+((c*math.tan(alpha))/(b*4)), 0),
329 (0.25+(b*math.tan(gamma)/(a*4)), 0, 0.25 -((b*math.tan(alpha))/(c*4))),
330 (0.25+(c*math.tan(beta)/(a*4)), 0.25 -((c*math.tan(alpha))/(b*4)), 0.5),
331 (0.25 -(b*math.tan(gamma)/(a*4)), 0.5, 0.25+((b*math.tan(alpha))/(c*4))),
332 (0.25+(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
333 (0.25 -(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
334 (0.25+(b*math.tan(gamma)/(a*4)), 0.5, 0.75 -(b*math.tan(alpha)/(c*4))),
335 (0.25 -(b*math.tan(gamma)/(a*4)), 0, 0.75+(b*math.tan(alpha)/(c*4))),
336 (0.5, 0.25+(a*math.tan(gamma)/(b*4)), 0.25-(a*math.tan(beta)/(c*4))),
337 (0.5, 0.75 -(a*math.tan(gamma)/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
338 (0.5, 0.75+(a*math.tan(gamma)/(b*4)), 0.75-(a*math.tan(beta)/(c*4))),
339 (0.5, 0.25 -(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
340 (0.75+(c*math.tan(beta)/(a*4)), 0.25+(c*math.tan(alpha)/(b*4)),0 ),
341 (0.75 -(b*math.tan(gamma)/(a*4)), 0, 0.25 -(b*math.tan(alpha)/(c*4))),
342 (0.75 -(c*math.tan(beta)/(a*4)), 0.25-(c*math.tan(alpha)/(b*4)), 0.5),
343 (0.75+(b*math.tan(gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
344 (0.75 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
345 (0.75+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
346 (0.75 -(b*math.tan(gamma)/(a*4)), 0.5, 0.75-(b*math.tan(alpha)/(c*4))),
347 (0.75+(b*math.tan(gamma)/(a*4)), 0, 0.75+(b*math.tan(alpha)/(c*4)))
348 )
349 return pmmppp
350
351 def apamcm_pmp(a, b, c, alpha , beta , gamma):
352 """ defining the 24 oxygen positions for the a+a-c- ++- domain.
353 Make sure that alpha , beta , and gamma are in radians before running.
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354 Returns a tuple of the 24 oxygen positions in (x, y, z)
355 """
356 pmmpmp =(
357 (0, 0.25 -((a*math.tan(gamma))/(c*4)), 0.25+((a*math.tan(-beta))/(c*4))),
358 (0, 0.75+((a*math.tan(gamma))/(c*4)), 0.25 -((a*math.tan(-beta))/(c*4))),
359 (0, 0.75 -((a*math.tan(gamma))/(c*4)), 0.75+((a*math.tan(-beta))/(c*4))),
360 (0, 0.25+((a*math.tan(gamma))/(c*4)), 0.75 -((a*math.tan(-beta))/(c*4))),
361 (0.25 -(c*math.tan(-beta)/(a*4)), 0.25+((c*math.tan(alpha))/(b*4)), 0),
362 (0.25+(b*math.tan(gamma)/(a*4)), 0, 0.25 -((b*math.tan(alpha))/(c*4))),
363 (0.25+(c*math.tan(-beta)/(a*4)), 0.25 -((c*math.tan(alpha))/(b*4)), 0.5),
364 (0.25 -(b*math.tan(gamma)/(a*4)), 0.5, 0.25+((b*math.tan(alpha))/(c*4))),
365 (0.25+(c*math.tan(-beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
366 (0.25 -(c*math.tan(-beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
367 (0.25+(b*math.tan(gamma)/(a*4)), 0.5, 0.75 -(b*math.tan(alpha)/(c*4))),
368 (0.25 -(b*math.tan(gamma)/(a*4)), 0, 0.75+(b*math.tan(alpha)/(c*4))),
369 (0.5, 0.25+(a*math.tan(gamma)/(b*4)), 0.25-(a*math.tan(-beta)/(c*4))),
370 (0.5, 0.75 -(a*math.tan(gamma)/(b*4)), 0.25+(a*math.tan(-beta)/(c*4))),
371 (0.5, 0.75+(a*math.tan(gamma)/(b*4)), 0.75-(a*math.tan(-beta)/(c*4))),
372 (0.5, 0.25 -(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(-beta)/(c*4))),
373 (0.75+(c*math.tan(-beta)/(a*4)), 0.25+(c*math.tan(alpha)/(b*4)),0 ),
374 (0.75 -(b*math.tan(gamma)/(a*4)), 0, 0.25 -(b*math.tan(alpha)/(c*4))),
375 (0.75 -(c*math.tan(-beta)/(a*4)), 0.25 -(c*math.tan(alpha)/(b*4)), 0.5),
376 (0.75+(b*math.tan(gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
377 (0.75 -(c*math.tan(-beta)/(a*4)), 0.75 -(c*math.tan(alpha)/(b*4)), 0),
378 (0.75+(c*math.tan(-beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
379 (0.75 -(b*math.tan(gamma)/(a*4)), 0.5, 0.75-(b*math.tan(alpha)/(c*4))),
380 (0.75+(b*math.tan(gamma)/(a*4)), 0, 0.75+(b*math.tan(alpha)/(c*4)))
381 )
382 return pmmpmp
383
384 def apamcm_ppm(a, b, c, alpha , beta , gamma):
385 """ defining the 24 oxygen positions for the a+a-c- +-+ domain.
386 Make sure that alpha , beta , and gamma are in radians before running.
387 Returns a tuple of the 24 oxygen positions in (x, y, z)
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388 """
389 pmmppm =(
390 (0, 0.25 -((a*math.tan(-gamma))/(c*4)), 0.25+((a*math.tan(beta))/(c*4))),
391 (0, 0.75+((a*math.tan(-gamma))/(c*4)), 0.25 -((a*math.tan(beta))/(c*4))),
392 (0, 0.75 -((a*math.tan(-gamma))/(c*4)), 0.75+((a*math.tan(beta))/(c*4))),
393 (0, 0.25+((a*math.tan(-gamma))/(c*4)), 0.75 -((a*math.tan(beta))/(c*4))),
394 (0.25 -(c*math.tan(beta)/(a*4)), 0.25+((c*math.tan(alpha))/(b*4)), 0),
395 (0.25+(b*math.tan(-gamma)/(a*4)), 0, 0.25 -((b*math.tan(alpha))/(c*4))),
396 (0.25+(c*math.tan(beta)/(a*4)), 0.25 -((c*math.tan(alpha))/(b*4)), 0.5),
397 (0.25 -(b*math.tan(-gamma)/(a*4)), 0.5, 0.25+((b*math.tan(alpha))/(c*4))),
398 (0.25+(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
399 (0.25 -(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
400 (0.25+(b*math.tan(-gamma)/(a*4)), 0.5, 0.75-(b*math.tan(alpha)/(c*4))),
401 (0.25 -(b*math.tan(-gamma)/(a*4)), 0, 0.75+(b*math.tan(alpha)/(c*4))),
402 (0.5, 0.25+(a*math.tan(-gamma)/(b*4)), 0.25-(a*math.tan(beta)/(c*4))),
403 (0.5, 0.75 -(a*math.tan(-gamma)/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
404 (0.5, 0.75+(a*math.tan(-gamma)/(b*4)), 0.75-(a*math.tan(beta)/(c*4))),
405 (0.5, 0.25 -(a*math.tan(-gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
406 (0.75+(c*math.tan(beta)/(a*4)), 0.25+(c*math.tan(alpha)/(b*4)),0 ),
407 (0.75 -(b*math.tan(-gamma)/(a*4)), 0, 0.25-(b*math.tan(alpha)/(c*4))),
408 (0.75 -(c*math.tan(beta)/(a*4)), 0.25-(c*math.tan(alpha)/(b*4)), 0.5),
409 (0.75+(b*math.tan(-gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
410 (0.75 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(alpha)/(b*4)), 0),
411 (0.75+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(alpha)/(b*4)), 0.5),
412 (0.75 -(b*math.tan(-gamma)/(a*4)), 0.5, 0.75-(b*math.tan(alpha)/(c*4))),
413 (0.75+(b*math.tan(-gamma)/(a*4)), 0, 0.75+(b*math.tan(alpha)/(c*4))) )
414 return pmmppm
415
416 def apamcm_mpp(a, b, c, alpha , beta , gamma):
417 """ defining the 24 oxygen positions for the a+a-c- -++ domain.
418 Make sure that alpha , beta , and gamma are in radians before running.
419 Returns a tuple of the 24 oxygen positions in (x, y, z)
420 """
421 pmmmpp = (
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422 (0, 0.25 -((a*math.tan(gamma))/(c*4)), 0.25+((a*math.tan(beta))/(c*4))),
423 (0, 0.75+((a*math.tan(gamma))/(c*4)), 0.25 -((a*math.tan(beta))/(c*4))),
424 (0, 0.75 -((a*math.tan(gamma))/(c*4)), 0.75+((a*math.tan(beta))/(c*4))),
425 (0, 0.25+((a*math.tan(gamma))/(c*4)), 0.75 -((a*math.tan(beta))/(c*4))),
426 (0.25 -(c*math.tan(beta)/(a*4)), 0.25+((c*math.tan(-alpha))/(b*4)), 0),
427 (0.25+(b*math.tan(gamma)/(a*4)), 0, 0.25 -((b*math.tan(-alpha))/(c*4))),
428 (0.25+(c*math.tan(beta)/(a*4)), 0.25 -((c*math.tan(-alpha))/(b*4)), 0.5),
429 (0.25 -(b*math.tan(gamma)/(a*4)), 0.5, 0.25+((b*math.tan(-alpha))/(c*4))),
430 (0.25+(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(-alpha)/(b*4)), 0),
431 (0.25 -(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(-alpha)/(b*4)), 0.5),
432 (0.25+(b*math.tan(gamma)/(a*4)), 0.5, 0.75 -(b*math.tan(-alpha)/(c*4))),
433 (0.25 -(b*math.tan(gamma)/(a*4)), 0, 0.75+(b*math.tan(-alpha)/(c*4))),
434 (0.5, 0.25+(a*math.tan(gamma)/(b*4)), 0.25-(a*math.tan(beta)/(c*4))),
435 (0.5, 0.75 -(a*math.tan(gamma)/(b*4)), 0.25+(a*math.tan(beta)/(c*4))),
436 (0.5, 0.75+(a*math.tan(gamma)/(b*4)), 0.75-(a*math.tan(beta)/(c*4))),
437 (0.5, 0.25 -(a*math.tan(gamma)/(b*4)), 0.75+(a*math.tan(beta)/(c*4))),
438 (0.75+(c*math.tan(beta)/(a*4)), 0.25+(c*math.tan(-alpha)/(b*4)),0 ),
439 (0.75 -(b*math.tan(gamma)/(a*4)), 0, 0.25 -(b*math.tan(-alpha)/(c*4))),
440 (0.75 -(c*math.tan(beta)/(a*4)), 0.25-(c*math.tan(-alpha)/(b*4)), 0.5),
441 (0.75+(b*math.tan(gamma)/(a*4)), 0.5, 0.25+(b*math.tan(alpha)/(c*4))),
442 (0.75 -(c*math.tan(beta)/(a*4)), 0.75-(c*math.tan(-alpha)/(b*4)), 0),
443 (0.75+(c*math.tan(beta)/(a*4)), 0.75+(c*math.tan(-alpha)/(b*4)), 0.5),
444 (0.75 -(b*math.tan(gamma)/(a*4)), 0.5, 0.75-(b*math.tan(-alpha)/(c*4))),
445 (0.75+(b*math.tan(gamma)/(a*4)), 0, 0.75+(b*math.tan(-alpha)/(c*4))) )
446 return pmmmpp
447
448 def amamcp_Asite_1R(d1, d2):
449 """ defining the 8 A site positions for the a-a-c+ +++ domain.
450 Make sure that alpha , beta , and gamma are in radians before running.
451 Returns a tuple of the 8 A site positions in (x, y, z)
452 1R domain in Brahlek2017
453 """
454 mmpAsite1R = (
455 (0+d1 , 0+d1+d2 , 0),
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456 (0.5+d1+d2 , 0+d1, 0),
457 (0.5+d1, 0.5+d1+d2 , 0),
458 (0+d1+d2, 0.5+d1, 0),
459 (0-d1, 0-d1-d2 , 0.5),
460 (0.5-d1 -d2, 0-d1, 0.5),
461 (0.5-d1 , 0.5-d1 -d2, 0.5),
462 (0-d1 -d2, 0.5-d1, 0.5)
463 )
464 return mmpAsite1R
465
466
467 def amamcp_Asite_2R(d1, d2):
468 """ defining the 8 A site positions for the a-a-c+ +-+ domain.
469 Make sure that alpha , beta , and gamma are in radians before running.
470 Returns a tuple of the 8 A site positions in (x, y, z)
471 2R domain in Brahlek2017
472 """
473 mmpasite2R = (
474 (0-d1, 0+d1+d2 , 0),
475 (0.5-d1 -d2, 0+d1, 0),
476 (0.5-d1 , 0.5+d1+d2, 0),
477 (0-d1-d2, 0.5+d1, 0),
478 (0+d1 , 0-d1-d2 , 0.5),
479 (0.5+d1+d2 , 0-d1, 0.5),
480 (0.5+d1, 0.5-d1-d2 , 0.5),
481 (0+d1+d2, 0.5-d1, 0.5),
482 )
483 return mmpasite2R
484
485 def amamcp_Asite_1L(d1, d2):
486 """ defining the 8 A site positions for the a-a-c+ ++- domain.
487 Make sure that alpha , beta , and gamma are in radians before running.
488 Returns a tuple of the 8 A site positions in (x, y, z)
489 1L domain from Brahlek2017
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490 """
491 mmpasite1L = (
492 (0+d1+d2, 0+d1 , 0),
493 (0.5+d1, 0+d1+d2, 0),
494 (0.5+d1+d2 , 0.5+d1 , 0),
495 (0+d1, 0.5+d1+d2, 0),
496 (0-d1 -d2, 0-d1 , 0.5),
497 (0.5-d1 , 0-d1-d2, 0.5),
498 (0.5-d1 -d2, 0.5-d1, 0.5),
499 (0-d1 , 0.5-d1 -d2, 0.5)
500 )
501 return mmpasite1L
502
503 def amamcp_Asite_2L(d1, d2):
504 """ defining the 8 A site positions for the a-a-c+ +++ domain.
505 Make sure that alpha , beta , and gamma are in radians before running.
506 Returns a tuple of the 8 A site positions in (x, y, z)
507 """
508 mmpasite2L = (
509 (0-d1-d2, 0+d1 , 0),
510 (0.5-d1 , 0+d1+d2, 0),
511 (0.5-d1 -d2, 0.5+d1, 0),
512 (0-d1, 0.5+d1+d2, 0),
513 (0+d1+d2, 0-d1 , 0.5),
514 (0.5+d1, 0-d1 -d2, 0.5),
515 (0.5+d1+d2 , 0.5-d1 , 0.5),
516 (0+d1 , 0.5-d1 -d2, 0.5)
517 )
518 return mmpasite2L
519
520 def amapcm_Asite_1R(d1, d2):
521 """ defining the 8 A site positions for the a-a+c- +++ domain.
522 Make sure that alpha , beta , and gamma are in radians before running.
523 Returns a tuple of the 8 A site positions in (x, y, z)
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524 """
525 mpmasite1R = (
526 (0+d1, 0, 0+d1+d2),
527 (0.5+d1+d2 , 0, 0+d1),
528 (0.5+d1, 0, 0.5+d1+d2),
529 (0+d1+d2, 0, 0.5+d1),
530 (0-d1 , 0.5, 0-d1-d2),
531 (0.5-d1 -d2, 0.5, 0-d1),
532 (0.5-d1 , 0.5, 0.5-d1-d2),
533 (0-d1 -d2, 0.5, 0.5-d1)
534 )
535 return mpmasite1R
536
537 def amapcm_Asite_2R(d1, d2):
538 """ defining the 8 A site positions for the a-a+c- +-+ domain.
539 Make sure that alpha , beta , and gamma are in radians before running.
540 Returns a tuple of the 8 A site positions in (x, y, z)
541 """
542 mpmasite2R = (
543 (0-d1, 0, 0+d1+d2 ),
544 (0.5-d1 -d2 ,0, 0+d1),
545 (0.5-d1 , 0, 0.5+d1+d2),
546 (0-d1-d2, 0, 0.5+d1),
547 (0+d1 , 0.5, 0-d1 -d2),
548 (0.5+d1+d2 , 0.5,0-d1),
549 (0.5+d1, 0.5,0.5-d1-d2),
550 (0+d1+d2 ,0.5,0.5-d1),
551 )
552 return mpmasite2R
553
554 def amapcm_Asite_1L(d1, d2):
555 """ defining the 8 A site positions for the a-a+c- ++- domain.
556 Make sure that alpha , beta , and gamma are in radians before running.
557 Returns a tuple of the 8 A site positions in (x, y, z)
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558 """
559 mpmasite1L= (
560 (0+d1+d2, 0, 0+d1),
561 (0.5+d1, 0, 0+d1+d2),
562 (0.5+d1+d2 , 0, 0.5+d1),
563 (0+d1, 0, 0.5+d1+d2),
564 (0-d1 -d2, 0.5,0-d1),
565 (0.5-d1 , 0.5,0-d1-d2),
566 (0.5-d1 -d2, 0.5,0.5-d1),
567 (0-d1 , 0.5,0.5-d1-d2)
568 )
569 return mpmasite1L
570
571 def amapcm_Asite_2L(d1, d2):
572 """ defining the 8 A site positions for the a-a+c- -++ domain.
573 Make sure that alpha , beta , and gamma are in radians before running.
574 Returns a tuple of the 8 A site positions in (x, y, z)
575 """
576 mpmasite2L = (
577 (0-d1-d2 ,0, 0+d1),
578 (0.5-d1 , 0, 0+d1+d2),
579 (0.5-d1 -d2 ,0, 0.5+d1),
580 (0-d1, 0, 0.5+d1+d2),
581 (0+d1+d2 ,0.5,0-d1),
582 (0.5+d1, 0.5,0-d1 -d2),
583 (0.5+d1+d2 , 0.5,0.5-d1),
584 (0+d1 ,0.5,0.5 -d1-d2)
585 )
586 return mpmasite2L
587
588 def apamcm_Asite_1R(d1, d2):
589 """ defining the 8 A site positions for the a+a-c- +++ domain.
590 Make sure that alpha , beta , and gamma are in radians before running.
591 Returns a tuple of the 8 A site positions in (x, y, z)
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592 """
593 pmmasite1R = (
594 (0, 0+d1+d2, 0+d1),
595 (0, 0+d1, 0.5+d1+d2),
596 (0, 0.5+d1+d2, 0.5+d1),
597 (0, 0.5+d1 , 0+d1+d2),
598 (0.5, 0-d1 -d2, 0-d1),
599 (0.5, 0-d1 , 0.5-d1 -d2),
600 (0.5, 0.5-d1-d2 , 0.5-d1),
601 (0.5, 0.5-d1, 0-d1 -d2)
602 )
603 return pmmasite1R
604
605 def apamcm_Asite_2R(d1, d2):
606 """ defining the 8 A site positions for the a+a-c- +-+ domain.
607 Make sure that alpha , beta , and gamma are in radians before running.
608 Returns a tuple of the 8 A site positions in (x, y, z)
609 """
610 pmmasite2R = (
611 (0, 0+d1+d2, 0-d1),
612 (0,0+d1 , 0.5-d1 -d2),
613 (0, 0.5+d1+d2 , 0.5-d1),
614 (0, 0.5+d1, 0-d1-d2),
615 (0.5, 0-d1 -d2, 0+d1),
616 (0.5, 0-d1 , 0.5+d1+d2),
617 (0.5, 0.5-d1-d2 , 0.5+d1),
618 (0.5,0.5 -d1 , 0+d1+d2),
619 )
620 return pmmasite2R
621
622 def apamcm_Asite_1L(d1, d2):
623 """ defining the 8 A site positions for the a+a-c- ++- domain.
624 Make sure that alpha , beta , and gamma are in radians before running.
625 Returns a tuple of the 8 A site positions in (x, y, z)
Appendix B: Python Based Structure Calculation Code
164
626 """
627 pmmasite1L = (
628 (0, 0+d1, 0+d1+d2),
629 (0, 0+d1+d2, 0.5+d1),
630 (0, 0.5+d1 , 0.5+d1+d2),
631 (0, 0.5+d1+d2, 0+d1),
632 (0.5, 0-d1 , 0-d1-d2),
633 (0.5, 0-d1 -d2, 0.5-d1),
634 (0.5, 0.5-d1, 0.5-d1-d2),
635 (0.5, 0.5-d1-d2 , 0-d1)
636 )
637 return pmmasite1L
638
639 def apamcm_Asite_2L(d1, d2):
640 """ defining the 8 A site positions for the a+a-c- -++ domain.
641 Make sure that alpha , beta , and gamma are in radians before running.
642 Returns a tuple of the 8 A site positions in (x, y, z)
643 """
644 pmmasite2L = (
645 (0,0+d1 , 0-d1-d2),
646 (0, 0+d1+d2, 0.5-d1),
647 (0 ,0.5+d1 ,0.5-d1-d2),
648 (0, 0.5+d1+d2 ,0-d1),
649 (0.5,0-d1 , 0+d1+d2),
650 (0.5, 0-d1 -d2 ,0.5+d1),
651 (0.5, 0.5-d1, 0.5+d1+d2),
652 (0.5,0.5 -d1 -d2, 0+d1)
653 )
654 return pmmasite2L
655
656 def aac_B_site ():
657 b_site = (
658 (0.25, 0.25, 0.25) ,
659 (0.25, 0.75, 0.25) ,
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660 (0.75, 0.25, 0.25) ,
661 (0.75, 0.75, 0.25) ,
662 (0.25, 0.25, 0.75) ,
663 (0.25, 0.75, 0.75) ,
664 (0.75, 0.25, 0.75) ,
665 (0.75, 0.75, 0.75)
666 )
667 return b_site
668
669 def cos_tuple(value , hkl):
670 """ for the following , need to have a tuple , with nested tuples length 3 (so, all
671 the mmpppp type tuples).hkl should be in list format. This computes the
672 cos(2pi(h*position+k*position+l*position)) for one domain , a simiplar way
673 of writting cosmmpppp , but also made universal for all cos.
674 """
675 total=0
676 step=0
677 z = len(value)
678 for x in xrange (0,z,1):
679 step = math.cos(2* math.pi*(hkl [0]* value[x][0]+ hkl [1]* value[x][1]+
680 hkl [2]* value[x][2]))
681 total = total + step
682 return total
683
684 def sin_tuple(value , hkl):
685 """ for the following , need to have a tuple , with nested tuples length 3 (so, all
686 the mmpppp type tuples).hkl should be in list format. This computes the
687 sin(2pi(h*position+k*position+l*position)) for one domain , a simiplar way
688 of writting sinmmpppp , but also made universal for all sin.
689 """
690 total=0
691 step=0
692 z = len(value)
693 for x in xrange (0,z,1):
Appendix B: Python Based Structure Calculation Code
166
694 step = math.sin(2* math.pi*(hkl [0]* value[x][0]+ hkl [1]* value[x][1]+
695 hkl [2]* value[x][2]))
696 total = total + step
697 return total
698
699 def oxygen_scattering_fact(q):
700 """ The Oxygen 2- scattering factor.
701 Takes the q vector as an input
702 From E. Hovestreydt , 1983
703 """
704 ofactor = (
705 3.7504* math.exp ( -16.5151*(q/(4* math.pi))**2) +
706 2.8429* math.exp ( -6.592*(q/(4* math.pi))**2) +
707 1.543* math.exp ( -0.3192*(q/(4* math.pi))**2) +
708 1.621* math.exp ( -43.349*(q/(4* math.pi))**2) +
709 0.24206
710 )
711 return ofactor
712
713 #
714 ##
715 ### Add new element scattering factors in here!!
716
717 def La_scattering_fact(q):
718 """ the La 3+ scattering factor from Int. Tables Vol C, 2006
719 takes q as an input
720 """
721 Lafactor = (
722 20.249* math.exp ( -2.812*(q/(4* math.pi))**2) +
723 19.376* math.exp ( -0.251*(q/(4* math.pi))**2) +
724 11.632* math.exp ( -17.821*(q/(4* math.pi))**2) +
725 0.336* math.exp ( -54.945*(q/(4* math.pi))**2) +
726 2.409
727 )
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728 return Lafactor
729
730 def Eu_scattering_fact(q):
731 """ the Eu 3+ scattering factor from Int. Tables Vol C, 2006
732 takes q as an input
733 REPLACE WITH CORRECT VALUES !!!
734 """
735 Eufactor = (
736 -24.163*(q/(4* math.pi))**6 +
737 156.63*(q/(4* math.pi))**5 -
738 389.13*(q/(4* math.pi))**4 +
739 452.23*(q/(4* math.pi))**3 -
740 218.56*(q/(4* math.pi))**2 -
741 16.511*(q/(4* math.pi)) +
742 60.576
743 )
744 return Eufactor
745
746
747 def Gd_scattering_fact(q):
748 ##GD scat fact
749 Gd = (
750 24.3466* math.exp ( -2.13553*(q/(4* math.pi))**2) +
751 20.4208* math.exp ( -0.1555*(q/(4* math.pi))**2) +
752 11.871* math.exp ( -10.578*(q/(4* math.pi))**2) +
753 3.715* math.exp ( -21.703*(q/(4* math.pi))**2) +
754 0.6451
755 )
756 return Gd
757
758 def Nd_scattering_fact(q):
759 """ the Eu 3+ scattering factor
760 NOTE: old value , needs updating
761 takes q as an input
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762 """
763 Ndfactor = (
764 21.961* math.exp ( -2.52722*(q/(4* math.pi))**2) +
765 19.9339* math.exp ( -0.199237*(q/(4* math.pi))**2) +
766 12.12* math.exp ( -14.1783*(q/(4* math.pi))**2) +
767 1.5103* math.exp ( -30.8717*(q/(4* math.pi))**2) +
768 1.47588
769 )
770 return Ndfactor
771
772 def Ga_scattering_fact(q):
773 ##GD scat fact
774 Ga = (
775 12.692* math.exp ( -2.8126*(q/(4* math.pi))**2) +
776 6.6988* math.exp ( -0.22789*(q/(4* math.pi))**2) +
777 6.0669* math.exp ( -6.3644*(q/(4* math.pi))**2) +
778 1.0066* math.exp ( -14.4122*(q/(4* math.pi))**2) +
779 1.53545
780 )
781 return Ga
782
783 def Fe_scattering_fact(q):
784 """Fe 3+ Form factor from Int. Tables Vol C, 2006
785 takes q as input
786
787 REPLACE WITH CORRECT VALUES !!!
788 """
789 Fefactor = (
790 -13.057*(q/(4* math.pi))**6 +
791 88.304*(q/(4* math.pi))**5 -
792 228.7*(q/(4* math.pi))**4 +
793 276.41*(q/(4* math.pi))**3 -
794 141.67*(q/(4* math.pi))**2 +
795 2.3048*(q/(4* math.pi)) +
Appendix B: Python Based Structure Calculation Code
169
796 22.997
797 )
798 return Fefactor
799
800 def V_scattering_fact(q):
801 """V 3+ Form factor from Int. Tables Vol C, 2006
802 Table 6.1.1.4
803 takes q as input
804 """
805 Vfactor = (
806 9.431* math.exp ( -6.395*(q/(4* math.pi))**2) +
807 7.742* math.exp ( -0.3833*(q/(4* math.pi))**2) +
808 2.153* math.exp ( -15.191*(q/(4* math.pi))**2) +
809 0.0169* math.exp ( -63.969*(q/(4* math.pi))**2) +
810 0.6566
811 )
812 return Vfactor
813
814 def Sc_scattering_fact(q):
815 """V 3+ Form factor from Int. Tables Vol C, 2006
816 Table 6.1.1.4
817 takes q as input
818 """
819 Scfactor = (
820 13.4* math.exp ( -0.2985*(q/(4* math.pi))**2) +
821 8.027* math.exp ( -7.963*(q/(4* math.pi))**2) +
822 1.6594* math.exp ( -0.286*(q/(4* math.pi))**2) +
823 1.5794* math.exp ( -16.066*(q/(4* math.pi))**2) -
824 6.6667
825 )
826 return Scfactor
827
828
829 ### end add new element scattering factors
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830 ##
831 #
832
833 def amamcp_struc_factor_total(hkl , a, b, c, alpha , beta , gamma , d1, d2, domain):
834 """ The calculation for structure factor.
835
836 Domains should be a term in the format as follows:
837 (1, 2, 3, 4, 5, 6, 7, 8) =
838 where 1, 2, 3, 4, are (+++1R, +-+2R, ++-1L, -++2L) for a Pbmn structure , and
839 5, 6, 7, 8 are the (+++2R, +-+1R, ++-2L, -++1R) for a P21/m structure.
840 In fractions of the rotation domains for 1 orthorombic domain (a-a-c+).
841
842 Calls the following:
843 Oxygen Domains:
844 amamcp_ppp(a, b, c, alpha , beta , gamma),
845 amamcp_pmp(a, b, c, alpha , beta , gamma),
846 amamcp_mpp(a, b, c, alpha , beta , gamma),
847 amamcp_ppm(a, b, c, alpha , beta , gamma)
848
849 A site domains:
850 amamcp_Asite_1R(d1, d2),
851 amamcp_Asite_2R(d1, d2),
852 amamcp_Asite_1L(d1, d2),
853 amamcp_Asite_2L(d1, d2)
854
855 Fe site domains:
856 aac_B_site ()
857
858 sin_tuple(value , hkl)
859 cos_tuple(value , hkl)
860
861 oxygen_scattering_fact(q)
862 A_scattering_fact(q) ## change as needed
863 B_scattering_fact(q) ## Change as needed
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864
865 q_vector(a, b, c, hkl):
866
867 """
868 q = q_vector(a, b, c, hkl)
869 Oxygen = oxygen_scattering_fact(q)
870 A_site = Nd_scattering_fact(q) ##Change as needed
871 B_site = Ga_scattering_fact(q) ##Change as needed
872
873 struc = domain [0] * (
874 (Oxygen * cos_tuple (( amamcp_ppp(a, b, c, alpha , beta , gamma)), hkl) +
875 A_site * cos_tuple (( amamcp_Asite_1R(d1 , d2)), hkl) +
876 B_site * cos_tuple (( aac_B_site ()), hkl)
877 )**2 +
878 (Oxygen * sin_tuple (( amamcp_ppp(a, b, c, alpha , beta , gamma)), hkl) +
879 A_site * sin_tuple (( amamcp_Asite_1R(d1 , d2)), hkl) +
880 B_site * sin_tuple (( aac_B_site ()), hkl)
881 )**2 ) + domain [1] * (
882 (Oxygen * cos_tuple (( amamcp_pmp(a, b, c, alpha , beta , gamma)), hkl) +
883 A_site * cos_tuple (( amamcp_Asite_2R(d1 , d2)), hkl) +
884 B_site * cos_tuple (( aac_B_site ()), hkl)
885 )**2 +
886 (Oxygen * sin_tuple (( amamcp_pmp(a, b, c, alpha , beta , gamma)), hkl) +
887 A_site * sin_tuple (( amamcp_Asite_2R(d1 , d2)), hkl) +
888 B_site * sin_tuple (( aac_B_site ()), hkl)
889 )**2 ) + domain [2] *(
890 (Oxygen * cos_tuple (( amamcp_ppm(a, b, c, alpha , beta , gamma)), hkl) +
891 A_site * cos_tuple (( amamcp_Asite_1L(d1 , d2)), hkl) +
892 B_site * cos_tuple (( aac_B_site ()), hkl)
893 )**2 +
894 (Oxygen * sin_tuple (( amamcp_ppm(a, b, c, alpha , beta , gamma)), hkl) +
895 A_site * sin_tuple (( amamcp_Asite_1L(d1 , d2)), hkl) +
896 B_site * sin_tuple (( aac_B_site ()), hkl)
897 )**2 ) + domain [3] *(
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898 (Oxygen * cos_tuple (( amamcp_mpp(a, b, c, alpha , beta , gamma)), hkl) +
899 A_site * cos_tuple (( amamcp_Asite_2R(d1, d2)), hkl) +
900 B_site * cos_tuple (( aac_B_site ()), hkl)
901 )**2 +
902 (Oxygen * sin_tuple (( amamcp_mpp(a, b, c, alpha , beta , gamma)), hkl) +
903 A_site * sin_tuple (( amamcp_Asite_2R(d1 , d2)), hkl) +
904 B_site * sin_tuple (( aac_B_site ()), hkl)
905 )**2 ) + domain [4] *(
906 (Oxygen * cos_tuple (( amamcp_ppp(a, b, c, alpha , beta , gamma)), hkl) +
907 A_site * cos_tuple (( amamcp_Asite_2R(d1 , d2)), hkl) +
908 B_site * cos_tuple (( aac_B_site ()), hkl)
909 )**2 +
910 (Oxygen * sin_tuple (( amamcp_ppp(a, b, c, alpha , beta , gamma)), hkl) +
911 A_site * sin_tuple (( amamcp_Asite_2R(d1 , d2)), hkl) +
912 B_site * sin_tuple (( aac_B_site ()), hkl)
913 )**2 ) + domain [5] *(
914 (Oxygen * cos_tuple (( amamcp_pmp(a, b, c, alpha , beta , gamma)), hkl) +
915 A_site * cos_tuple (( amamcp_Asite_1R(d1 , d2)), hkl) +
916 B_site * cos_tuple (( aac_B_site ()), hkl)
917 )**2 +
918 (Oxygen * sin_tuple (( amamcp_pmp(a, b, c, alpha , beta , gamma)), hkl) +
919 A_site * sin_tuple (( amamcp_Asite_1R(d1 , d2)), hkl) +
920 B_site * sin_tuple (( aac_B_site ()), hkl)
921 )**2 ) + domain [6] *(
922 (Oxygen * cos_tuple (( amamcp_ppm(a, b, c, alpha , beta , gamma)), hkl) +
923 A_site * cos_tuple (( amamcp_Asite_2L(d1 , d2)), hkl) +
924 B_site * cos_tuple (( aac_B_site ()), hkl)
925 )**2 +
926 (Oxygen * sin_tuple (( amamcp_ppm(a, b, c, alpha , beta , gamma)), hkl) +
927 A_site * sin_tuple (( amamcp_Asite_2L(d1 , d2)), hkl) +
928 B_site * sin_tuple (( aac_B_site ()), hkl)
929 )**2 ) + domain [7] *(
930 (Oxygen * cos_tuple (( amamcp_mpp(a, b, c, alpha , beta , gamma)), hkl) +
931 A_site * cos_tuple (( amamcp_Asite_1R(d1 , d2)), hkl) +
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932 B_site * cos_tuple (( aac_B_site ()), hkl)
933 )**2 +
934 (Oxygen * sin_tuple (( amamcp_mpp(a, b, c, alpha , beta , gamma)), hkl) +
935 A_site * sin_tuple (( amamcp_Asite_1R(d1 , d2)), hkl) +
936 B_site * sin_tuple (( aac_B_site ()), hkl)
937 )**2)
938 return struc
939
940 def amapcm_struc_factor_total(hkl , a, b, c, alpha , beta , gamma , d1, d2, domain):
941 """ The calculation for structure factor.
942
943 Domains should be a term in the format as follows:
944 (1, 2, 3, 4, 5, 6, 7, 8)
945 where 1, 2, 3, 4, are (+++2R, +-+2L, ++-1R, -++1R) for a Pbmn structure , and
946 5, 6, 7, 8 are the (+++1R, +-+1L, ++-2R, -++2R) for a P21/m structure.
947 In fractions of the rotation domains for 1 orthorombic domain (a-a+c-).
948
949 Calls the following:
950 Oxygen Domains:
951 amamcp_ppp(a, b, c, alpha , beta , gamma),
952 amamcp_pmp(a, b, c, alpha , beta , gamma),
953 amamcp_mpp(a, b, c, alpha , beta , gamma),
954 amamcp_ppm(a, b, c, alpha , beta , gamma)
955
956 A site domains:
957 amamcp_Asite_1R(d1, d2),
958 amamcp_Asite_2R(d1, d2),
959 amamcp_Asite_1L(d1, d2),
960 amamcp_Asite_2L(d1, d2)
961
962 Fe site domains:
963 aac_B_site ()
964
965 sin_tuple(value , hkl)
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966 cos_tuple(value , hkl)
967
968 oxygen_scattering_fact(q)
969 A_scattering_fact(q) ## change as needed
970 B_scattering_fact(q) ## Change as needed
971
972 q_vector(a, b, c, hkl):
973
974 """
975 q = q_vector(a, b, c, hkl)
976 Oxygen = oxygen_scattering_fact(q)
977 A_site = Nd_scattering_fact(q) ##Change here as needed
978 B_site = Ga_scattering_fact(q) ##Change here as needed
979
980 struc = domain [0] * (
981 (Oxygen * cos_tuple (( amapcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
982 A_site * cos_tuple (( amapcm_Asite_2R(d1 , d2)), hkl) +
983 B_site * cos_tuple (( aac_B_site ()), hkl)
984 )**2 +
985 (Oxygen * sin_tuple (( amapcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
986 A_site * sin_tuple (( amapcm_Asite_2R(d1 , d2)), hkl) +
987 B_site * sin_tuple (( aac_B_site ()), hkl)
988 )**2 ) + domain [1] * (
989 (Oxygen * cos_tuple (( amapcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
990 A_site * cos_tuple (( amapcm_Asite_2L(d1 , d2)), hkl) +
991 B_site * cos_tuple (( aac_B_site ()), hkl)
992 )**2 +
993 (Oxygen * sin_tuple (( amapcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
994 A_site * sin_tuple (( amapcm_Asite_2L(d1 , d2)), hkl) +
995 B_site * sin_tuple (( aac_B_site ()), hkl)
996 )**2 ) + domain [2] *(
997 (Oxygen * cos_tuple (( amapcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
998 A_site * cos_tuple (( amapcm_Asite_1R(d1 , d2)), hkl) +
999 B_site * cos_tuple (( aac_B_site ()), hkl)
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1000 )**2 +
1001 (Oxygen * sin_tuple (( amapcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
1002 A_site * sin_tuple (( amapcm_Asite_1R(d1, d2)), hkl) +
1003 B_site * sin_tuple (( aac_B_site ()), hkl)
1004 )**2 ) + domain [3] *(
1005 (Oxygen * cos_tuple (( amapcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1006 A_site * cos_tuple (( amapcm_Asite_1R(d1 , d2)), hkl) +
1007 B_site * cos_tuple (( aac_B_site ()), hkl)
1008 )**2 +
1009 (Oxygen * sin_tuple (( amapcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1010 A_site * sin_tuple (( amapcm_Asite_1R(d1 , d2)), hkl) +
1011 B_site * sin_tuple (( aac_B_site ()), hkl)
1012 )**2 ) + domain [4] *(
1013 (Oxygen * cos_tuple (( amapcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
1014 A_site * cos_tuple (( amapcm_Asite_1R(d1 , d2)), hkl) +
1015 B_site * cos_tuple (( aac_B_site ()), hkl)
1016 )**2 +
1017 (Oxygen * sin_tuple (( amapcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
1018 A_site * sin_tuple (( amapcm_Asite_2R(d1 , d2)), hkl) +
1019 B_site * sin_tuple (( aac_B_site ()), hkl)
1020 )**2 ) + domain [5] *(
1021 (Oxygen * cos_tuple (( amapcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
1022 A_site * cos_tuple (( amapcm_Asite_1L(d1 , d2)), hkl) +
1023 B_site * cos_tuple (( aac_B_site ()), hkl)
1024 )**2 +
1025 (Oxygen * sin_tuple (( amapcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
1026 A_site * sin_tuple (( amapcm_Asite_1L(d1 , d2)), hkl) +
1027 B_site * sin_tuple (( aac_B_site ()), hkl)
1028 )**2 ) + domain [6] *(
1029 (Oxygen * cos_tuple (( amapcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
1030 A_site * cos_tuple (( amapcm_Asite_2R(d1 , d2)), hkl) +
1031 B_site * cos_tuple (( aac_B_site ()), hkl)
1032 )**2 +
1033 (Oxygen * sin_tuple (( amapcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
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1034 A_site * sin_tuple (( amapcm_Asite_2R(d1, d2)), hkl) +
1035 B_site * sin_tuple (( aac_B_site ()), hkl)
1036 )**2 ) + domain [7] *(
1037 (Oxygen * cos_tuple (( amapcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1038 A_site * cos_tuple (( amapcm_Asite_2R(d1 , d2)), hkl) +
1039 B_site * cos_tuple (( aac_B_site ()), hkl)
1040 )**2 +
1041 (Oxygen * sin_tuple (( amapcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1042 A_site * sin_tuple (( amapcm_Asite_2R(d1 , d2)), hkl) +
1043 B_site * sin_tuple (( aac_B_site ()), hkl)
1044 )**2)
1045 return struc
1046
1047 def apamcm_struc_factor_total(hkl , a, b, c, alpha , beta , gamma , d1, d2, domain):
1048 ##### THIS ONE NEED DOUBLE CHECKED ........I *think* I have it right?
1049 """ The calculation for structure factor.
1050
1051 Domains should be a term in the format as follows:
1052 (1, 2, 3, 4, 5, 6, 7, 8)
1053 where 1, 2, 3, 4, are (+++2R, +-+1R, ++-1R, -++2L) for a Pbmn structure , and
1054 5, 6, 7, 8 are the (+++1R, +-+2R, ++-2R, -++1L) for a P21/m structure.
1055 In fractions of the rotation domains for 1 orthorombic domain (a+a-c-).
1056
1057 Calls the following:
1058 Oxygen Domains:
1059 amamcp_ppp(a, b, c, alpha , beta , gamma),
1060 amamcp_pmp(a, b, c, alpha , beta , gamma),
1061 amamcp_mpp(a, b, c, alpha , beta , gamma),
1062 amamcp_ppm(a, b, c, alpha , beta , gamma)
1063
1064 A site domains:
1065 amamcp_Asite_1R(d1, d2),
1066 amamcp_Asite_2R(d1, d2),
1067 amamcp_Asite_1L(d1, d2),
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1068 amamcp_Asite_2L(d1, d2)
1069
1070 Fe site domains:
1071 aac_B_site ()
1072
1073 sin_tuple(value , hkl)
1074 cos_tuple(value , hkl)
1075
1076 oxygen_scattering_fact(q)
1077 A_scattering_fact(q) ## change as needed
1078 B_scattering_fact(q) ## Change as needed
1079
1080 q_vector(a, b, c, hkl):
1081
1082 """
1083 q = q_vector(a, b, c, hkl)
1084 Oxygen = oxygen_scattering_fact(q)
1085 A_site = Nd_scattering_fact(q) ##Change here as needed
1086 B_site = Ga_scattering_fact(q) ##Change here as needed
1087
1088 struc = domain [0] * (
1089 (Oxygen * cos_tuple (( apamcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
1090 A_site * cos_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1091 B_site * cos_tuple (( aac_B_site ()), hkl)
1092 )**2 +
1093 (Oxygen * sin_tuple (( apamcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
1094 A_site * sin_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1095 B_site * sin_tuple (( aac_B_site ()), hkl)
1096 )**2 ) + domain [1] * (
1097 (Oxygen * cos_tuple (( apamcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
1098 A_site * cos_tuple (( apamcm_Asite_1R(d1 , d2)), hkl) +
1099 B_site * cos_tuple (( aac_B_site ()), hkl)
1100 )**2 +
1101 (Oxygen * sin_tuple (( apamcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
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1102 A_site * sin_tuple (( apamcm_Asite_1R(d1, d2)), hkl) +
1103 B_site * sin_tuple (( aac_B_site ()), hkl)
1104 )**2 ) + domain [2] *(
1105 (Oxygen * cos_tuple (( apamcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
1106 A_site * cos_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1107 B_site * cos_tuple (( aac_B_site ()), hkl)
1108 )**2 +
1109 (Oxygen * sin_tuple (( apamcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
1110 A_site * sin_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1111 B_site * sin_tuple (( aac_B_site ()), hkl)
1112 )**2 ) + domain [3] *(
1113 (Oxygen * cos_tuple (( apamcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1114 A_site * cos_tuple (( apamcm_Asite_2L(d1 , d2)), hkl) +
1115 B_site * cos_tuple (( aac_B_site ()), hkl)
1116 )**2 +
1117 (Oxygen * sin_tuple (( apamcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1118 A_site * sin_tuple (( apamcm_Asite_2L(d1 , d2)), hkl) +
1119 B_site * sin_tuple (( aac_B_site ()), hkl)
1120 )**2 ) + domain [4] *(
1121 (Oxygen * cos_tuple (( apamcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
1122 A_site * cos_tuple (( apamcm_Asite_1R(d1 , d2)), hkl) +
1123 B_site * cos_tuple (( aac_B_site ()), hkl)
1124 )**2 +
1125 (Oxygen * sin_tuple (( apamcm_ppp(a, b, c, alpha , beta , gamma)), hkl) +
1126 A_site * sin_tuple (( apamcm_Asite_1R(d1 , d2)), hkl) +
1127 B_site * sin_tuple (( aac_B_site ()), hkl)
1128 )**2 ) + domain [5] *(
1129 (Oxygen * cos_tuple (( apamcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
1130 A_site * cos_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1131 B_site * cos_tuple (( aac_B_site ()), hkl)
1132 )**2 +
1133 (Oxygen * sin_tuple (( apamcm_pmp(a, b, c, alpha , beta , gamma)), hkl) +
1134 A_site * sin_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1135 B_site * sin_tuple (( aac_B_site ()), hkl)
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1136 )**2 ) + domain [6] *(
1137 (Oxygen * cos_tuple (( apamcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
1138 A_site * cos_tuple (( apamcm_Asite_2R(d1, d2)), hkl) +
1139 B_site * cos_tuple (( aac_B_site ()), hkl)
1140 )**2 +
1141 (Oxygen * sin_tuple (( apamcm_ppm(a, b, c, alpha , beta , gamma)), hkl) +
1142 A_site * sin_tuple (( apamcm_Asite_2R(d1 , d2)), hkl) +
1143 B_site * sin_tuple (( aac_B_site ()), hkl)
1144 )**2 ) + domain [7] *(
1145 (Oxygen * cos_tuple (( apamcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1146 A_site * cos_tuple (( apamcm_Asite_1L(d1 , d2)), hkl) +
1147 B_site * cos_tuple (( aac_B_site ()), hkl)
1148 )**2 +
1149 (Oxygen * sin_tuple (( apamcm_mpp(a, b, c, alpha , beta , gamma)), hkl) +
1150 A_site * sin_tuple (( apamcm_Asite_1L(d1 , d2)), hkl) +
1151 B_site * sin_tuple (( aac_B_site ()), hkl)
1152 )**2)
1153 return struc
1154
1155 def intensity(hkl , a, b, c, alpha , beta , gamma , d1 , d2 , ortho_domain , domains , eta ,
wavelength):
1156 """ The total intensity calculation , for 1 (h,k,l)
1157
1158 This needs hkl in (h,k,l), domains as (domain_amamcp , domains_amapcm ,
1159 domains_apamcm), where domains_apamcm is (1,2,3,4,5,6,7,8)
1160 Eta made into radians here !!!
1161 """
1162 eta = math.radians(eta)
1163 sin_eta = math.sin(eta)
1164 q = q_vector(a, b, c, hkl)
1165 two_theta = math.asin((q*wavelength)/(4* math.pi))
1166 two_theta = two_theta * 2
1167 sin_2theta = math.sin(two_theta)
1168 sin2thetafactor= 1/ sin_2theta
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1169 ## print "sin (2* theta)",sin_2theta
1170 ## print "sin(eta)", sin_eta
1171 total_amamcp = amamcp_struc_factor_total(hkl , a, b, c, alpha , beta , gamma , d1, d2
, domains [0])
1172 total_amapcm = amapcm_struc_factor_total(hkl , a, b, c, alpha , beta , gamma , d1, d2
, domains [1])
1173 total_apamcm = apamcm_struc_factor_total(hkl , a, b, c, alpha , beta , gamma , d1, d2
, domains [2])
1174 prefac = ((1/( sin_eta)) * (1/( sin_2theta)))
1175 intensity = (
1176 prefac * total_amamcp * ortho_domain [0] +
1177 prefac * total_amapcm * ortho_domain [1] +
1178 prefac * total_apamcm * ortho_domain [2]
1179 )
1180 #print "hkl", hkl , "total_amamcp", total_amamcp , " ", "1/ sin_2theta",
sin2thetafactor #,"sin_eta", sin_eta
1181 return intensity
1182
1183 def error(Measured_inten , calcul_inten):
1184 """ Calculates the precent error for a list of measured and calculated intensities
1185 """
1186 percent =((( abs(calcul_inten -Measured_inten))**2))
1187 return percent
1188
1189 def Intensity_for_a_set(hkls , a, b, c, alpha , beta , gamma , d1, d2, ortho_domain ,
domains ,
1190 etas , wavelength , Measured_inten):
1191 """ Calculating intensity for a data set.
1192
1193 """
1194 output = []
1195 l = len(etas)
1196 i = 0
1197 total = 0
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1198 norm_total = 0
1199 log_total = 0
1200 Measured_I1 = Measured_inten [0]
1201 Inten_I1 = intensity(hkls[0], a, b, c, alpha , beta , gamma , d1, d2 , ortho_domain ,
1202 domains , etas[0], wavelength)
1203 while i < l:
1204 oneline =[]
1205 oneline.append(hkls[i])
1206 Inten = intensity(hkls[i], a, b, c, alpha , beta , gamma , d1 , d2, ortho_domain ,
1207 domains , etas[i], wavelength)
1208 Norm_Cal_inten = Inten/Inten_I1
1209 Norm_meas_inten = Measured_inten[i]/ Measured_I1
1210 norm_percent = error(Norm_meas_inten , Norm_Cal_inten)
1211 norm_total = norm_total + abs(norm_percent)
1212 oneline.append(Inten)
1213 oneline.append(Measured_inten[i])
1214 oneline.append(Norm_Cal_inten)
1215 oneline.append(Norm_meas_inten)
1216 oneline.append(norm_percent)
1217 output.append(oneline)
1218 i=i+1
1219 output.append (["","","","","sum of the norm error", norm_total ])
1220 return output
1221
1222 def Intensity_for_a_set_float(hkls , a, b, c, alpha , beta , gamma , d1, d2, orth_domain ,
1223 domains , etas , wavelength , Measured_inten):
1224 """ Calculating intensity for a data set.
1225
1226 THIS FUNCITON NEED REWRITTEN ... ONLY OUTPUTS TOTAL ERROR?
1227
1228 """
1229 L = len(etas)
1230 i = 0
1231 norm_total = 0
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1232 Measured_I1 = Measured_inten [0]
1233 Inten_I1 = intensity(hkls[0], a, b, c, alpha , beta , gamma , d1,d2, orth_domain ,
1234 domains ,etas[0], wavelength)
1235 while i < L:
1236 Inten = intensity(hkls[i], a, b, c, alpha , beta , gamma , d1 ,d2, orth_domain ,
1237 domains , etas[i], wavelength)
1238 Norm_Cal_inten = Inten/Inten_I1
1239 Norm_meas_inten = Measured_inten[i]/ Measured_I1
1240 norm_diff = error(Norm_meas_inten , Norm_Cal_inten)
1241 norm_total = norm_total + norm_diff
1242 i=i+1
1243 return norm_total
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Appendix C: GenX XRD fitting code
C.1 GenX code for a LaFeO3 film on LSAT
1 # 1
2 import models.sxrd as model
3 from models.utils import UserVars , np
4
5 # 2 Defining the unit cell parameters
6 unitcell = model.UnitCell (3.868 , 3.868, 3.868, 90, 90, 90)
7 # 3 Define the instrument
8 inst = model.Instrument(wavel = 1.54, alpha = 22)
9
10 # 3.a Define beta for roughness model
11 rgh=UserVars ()
12 rgh.new_var(’beta’, 0.0)
13
14 #3.b Define bkgd for background intensity fitting
15 bkint = UserVars ()
16 bkint.new_var(’bkgd’, 0)
17
18 # 4 Defining the bulk
19 bulk = model.Slab()
20 # 4.a Define the atoms
21 # A site terminated LSAT
22 bulk.add_atom(’La’, ’la3p’, 0.0, 0.0, 0.0, 0.08, .18, 1)
23 bulk.add_atom(’Sr’, ’sr2p’, 0.0, 0.0, 0.0, 0.08, .82, 1)
24 bulk.add_atom(’Al’, ’al3p’, 0.5, 0.5, 0.5, 0.08, .59, 1)
25 bulk.add_atom(’Ta’, ’ta’, 0.5, 0.5, 0.5, 0.08, .41, 1)
26 bulk.add_atom(’O1’, ’o2m’, 0.5, 0.0, 0.5, 0.08, 1.0, 1)
27 bulk.add_atom(’O2’, ’o2m’, 0.0, 0.5, 0.5, 0.08, 1.0, 1)
28 bulk.add_atom(’O3’, ’o2m’, 0.5, 0.5, 0.0, 0.08, 1.0, 1)
29
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30 # 5 Creating an LaFeO3 unit cell - note asymmetric unit cell
31 lfouc = model.Slab(c = 1.0)
32 # 5.a Define the atoms
33 lfouc.add_atom(’La’, ’la’, 0.0, 0.0, 0.0, 0.08, 1.0, 1)
34 lfouc.add_atom(’Fe’, ’fe’, 0.5, 0.5, 0.5, 0.08, 1.0, 1)
35 lfouc.add_atom(’O1’, ’o’, 0.5, 0.5, 0.0, 0.08, 1.0, 1)
36 lfouc.add_atom(’O2’, ’o’, 0.5, 0.0, 0.5, 0.08, 1.0, 1)
37 lfouc.add_atom(’O3’, ’o’, 0.0, 0.5, 0.5, 0.08, 1.0, 1)
38
39 # 6 Symmetry operations
40 p4 = [model.SymTrans ([[1, 0],[0, 1]]), model.SymTrans ([[-1, 0],[0, -1]]),
41 model.SymTrans ([[0, -1],[1, 0]]), model.SymTrans ([[0, 1],[-1, 0]]) ]
42
43 # 7 Creating the sample with one unit cell
44 sample = model.Sample(inst , bulk , 42*[ lfouc], unitcell)
45
46 #8 Put the right symmetry in the surface
47 sample.set_surface_sym(p4)
48
49 # 9 Define the Sim function
50 def Sim(data):
51 I = []
52 beta = rgh.beta
53 bkgd = bkint.bkgd
54 #9.a loop through the data sets
55 for data_set in data:
56 # 9.b create all the h,k,l values for the rod (data_set)
57 h = data_set.extra_data[’h’]
58 k = data_set.extra_data[’k’]
59 l = data_set.x
60 LB = data_set.extra_data[’LB’]
61 dL = data_set.extra_data[’dL’]
62 # 9.c. calculate roughness using beta model
63 rough = (1-beta)/((1- beta)**2 + 4*beta*np.sin(np.pi*(l - LB)/dL)**2) **0.5 #
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this should be all on one line
64 # 9.d. Calculate the structure factor
65 f = rough*sample.calc_f(h, k, l)
66 # 9.e Calculate the intensity
67 i = abs(f)**2+ bkgd
68 # 9.f Append the calculated intensity to the list I
69 I.append(i)
70 return I
C.2 GenX Code for a ([EuFeO3]3/[LaFeO3]3)10 superlattice on GdScO3,
with a intermixed layer for the first two superlattice repeats
1 # 1
2 import models.sxrd as model
3 from models.utils import UserVars , np
4
5 # 2 Defining the unit cell parameters
6 unitcell = model.UnitCell (3.9597 , 3.9597 , 3.965, 90, 90, 90)
7 # 3 Define the instrument
8 inst = model.Instrument(wavel = 0.8, alpha = 22)
9
10 # 3.a Define beta for roughness model
11 rgh=UserVars ()
12 rgh.new_var(’beta’, 0.0)
13
14 #3.b Define bkgd for background intensity fitting
15 bkint = UserVars ()
16 bkint.new_var(’bkgd’, 0)
17
18 # 4 Defining the bulk
19 bulk = model.Slab()
20 # 4.a Define the atoms
21 bulk.add_atom(’Gd’, ’Gd’, 0.0, 0.0, 0.0, 0.08, 1.0)
22 bulk.add_atom(’Sc’, ’Sc’, 0.5, 0.5, 0.5, 0.08, 1.0)
23 bulk.add_atom(’O1’, ’o’, 0.5, 0.0, 0.5, 0.08, 1.0)
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24 bulk.add_atom(’O2’, ’o’, 0.0, 0.5, 0.5, 0.08, 1.0)
25 bulk.add_atom(’O3’, ’o’, 0.5, 0.5, 0.0, 0.08, 1.0)
26
27 # 5 Creating an EuFeO3 unit cell
28 efouc = model.Slab(c = 1.0)
29 # 5.a Define the atoms
30 efouc.add_atom(’Eu’, ’eu’, 0.0, 0.0, 0.0, 0.08, 1.0, 1)
31 efouc.add_atom(’Fe’, ’fe’, 0.5, 0.5, 0.5, 0.08, 1.0, 1)
32 efouc.add_atom(’O1’, ’o’, 0.5, 0.5, 0.0, 0.08, 1.0, 1)
33 efouc.add_atom(’O2’, ’o’, 0.5, 0.0, 0.5, 0.08, 1.0, 1)
34 efouc.add_atom(’O3’, ’o’, 0.0, 0.5, 0.5, 0.08, 1.0, 1)
35
36 # Creating an LaFeO3 unit cell
37 lfouc = model.Slab(c = 1.0)
38 # .a Define the atoms
39 efouc.add_atom(’La’, ’la’, 0.0, 0.0, 0.0, 0.08, 1.0, 1)
40 efouc.add_atom(’Fe2’, ’fe’, 0.5, 0.5, 0.5, 0.08, 1.0, 1)
41 efouc.add_atom(’O4’, ’o’, 0.5, 0.5, 0.0, 0.08, 1.0, 1)
42 efouc.add_atom(’O5’, ’o’, 0.5, 0.0, 0.5, 0.08, 1.0, 1)
43 efouc.add_atom(’O6’, ’o’, 0.0, 0.5, 0.5, 0.08, 1.0, 1)
44
45 # Creating an Eu0.5La).5FeO3 unit cell - note 0.5 fill of each la and Eu layer
46 elfouc = model.Slab(c = 1.0)
47 # .a Define the atoms
48 elfouc.add_atom(’La’, ’la’, 0.0, 0.0, 0.0, 0.08, 0.5, 1)
49 elfouc.add_atom(’Eu’, ’la’, 0.0, 0.0, 0.0, 0.08, 0.5, 1)
50 elfouc.add_atom(’Fe2’, ’fe’, 0.5, 0.5, 0.5, 0.08, 1.0, 1)
51 elfouc.add_atom(’O4’, ’o’, 0.5, 0.5, 0.0, 0.08, 1.0, 1)
52 elfouc.add_atom(’O5’, ’o’, 0.5, 0.0, 0.5, 0.08, 1.0, 1)
53 elfouc.add_atom(’O6’, ’o’, 0.0, 0.5, 0.5, 0.08, 1.0, 1)
54
55 # 6 Symmetry operations
56 p1 = [model.SymTrans ([[1, 0],[0, 1]])]
57
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58 # 7 Creating the sample with one unit cell
59 sample = model.Sample(inst , bulk , ([ elfouc ]*11+8*(3*[ efouc ]+3*[ lfouc ])), unitcell)
60
61 #8 Put the right symmetry in the surface
62 sample.set_surface_sym(p1)
63
64 # 9 Define the Sim function
65 def Sim(data):
66 I = []
67 beta = rgh.beta
68 bkgd = bkint.bkgd
69 #9.a loop through the data sets
70 for data_set in data:
71 # 9.b create all the h,k,l values for the rod (data_set)
72 h = data_set.extra_data[’h’]
73 k = data_set.extra_data[’k’]
74 l = data_set.x
75 LB = data_set.extra_data[’LB’]
76 dL = data_set.extra_data[’dL’]
77 # 9.c. calculate roughness using beta model
78 rough = (1-beta)/((1- beta)**2 + 4*beta*np.sin(np.pi*(l - LB)/dL)**2) **0.5 #
this should be all on one line
79 # 9.d. Calculate the structure factor
80 f = rough*sample.calc_f(h, k, l)
81 # 9.e Calculate the intensity
82 i = abs(f)**2+ bkgd
83 # 9.f Append the calculated intensity to the list I
84 I.append(i)
85 return I
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